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 Human α-N-Acetylglucosaminidase (Naglu) is a lysosomal acid hydrolase 

implicated in tthe rare metabolic storage disorder known as mucopolysaccharidosis type 
IIIB (MPS IIIB; also Sanfilippo syndrome B). Absence of this enzyme results in 
cytotoxic accumulation of heparan sulphate in the central nervous system, causing mental 
retardation and a shortened lifespan. Enzyme replacement therapy is not currently 
effective to treat neurological symptoms due to the inability of exogenous Naglu to 
access the brain. This laboratory uses a Spodoptera frugiperda (Sf9) insect cell system to 
express Naglu fused to a synthetic protein transduction domain with the intent to 
facilitate delivery of Naglu across the blood-brain barrier. 

 The project described herein may be broken down into three main sections. 
Firstly, the impact of two cryptic splice sites on Naglu expression levels was analyzed in 
both transiently expressing Sf9 cultures and stably selected cell lines. Secondly, the 
effectiveness of the native Naglu secretion-signaling peptide in the Sf9 system was 
examined. Finally, purification of a Naglu fusion protein from suspension culture 
medium was performed using hydrophobic interaction chromatographic techniques. 

 The ultimate goal of this research is to develop an efficient system for 
economical, large-scale production of a human recombinant Naglu fusion protein that has 
the potential to be successfully used for enzyme replacement therapy to treat MPS IIIB. 
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1.  Introduction 

1.1 Mucopolysaccharidosis III Type B 

1.1.1 Overview of Mucopolysaccharidosis III 
 Mucopolysaccharidosis III, also known as Sanfilippo syndrome, is a rare 

autosomal recessive metabolic disorder. It comprises four biochemical subtypes, the 

relative prevalence of which varies between populations. Each subtype is caused by 

deficiency of a single enzyme involved in the degradation pathway of the ubiquitous 

glycosaminoglycan heparan sulphate (HS): absence of heparan N-sulfatase, 

α-N-acetylglucosaminidase, acetylCoA:α-glucosaminide acetyl-transferase, or 

N-acetylglucosamine 6-sulfatase results in subtype A, B, C, or D, respectively 

(Schmidtchen et al., 1998). 

1.1.2 MPS IIIB Clinical Manifestations and Prognosis  
 Mucopolysaccharidosis type IIIB (Sanfilippo syndrome B; MPS IIIB), caused by 

deficiency of the lysosomal acid hydrolase α-N-acetylglucosaminidase (Naglu), is one of 

the more common subtypes. If a cell does not express at least one functional copy of the 

NAGLU gene, partially degraded heparan sulphate fragments build up in the lysosomes 

and may eventually result in cell death. Heparan sulphate then accumulates in the tissues 

and is excreted in abnormally large amounts in the urine. This glycosaminoglycan is 

particularly toxic to cells of the central nervous system (CNS), causing progressive 

cerebral atrophy (Zhao et al., 1998). Patients afflicted with MPS IIIB typically have fairly 

mild somatic symptoms but profound CNS involvement; they suffer from neural 

degeneration causing developmental delays, intractable hyperactivity, aggressive 



 

 

2 
behaviour, mental retardation, and a significantly shortened lifespan (Cleary and Wraith, 

1993). 

 There are three main stages to disease progression. MPS III is not easily 

recognized—one study found a mean age of diagnosis of over four years old, although 

the average age at which parents raised concerns was approximately two years (Colville 

and Bax, 1996). Developmental delay may be the only indicator during the early stages of 

disease progression, although some patients also suffer from chronic ear, nose, and throat 

infections and bowel disturbance. 

 The second phase of the illness is characterized by acute behavioural 

abnormalities. Symptoms include violent aggression, hyperactivity, and reduced attention 

span; these present a considerable problem for caregivers since patients have normal 

muscular strength and are difficult to manage (Cleary and Wraith, 1993). Most children 

suffering from MPS IIIB experience severe sleep disturbances. Many also exhibit 

distressing night-time behaviours such as staying awake all night, crying out or talking in 

their sleep, body rocking, or chewing their bedclothes (Colville et al., 1996). 

 During the final stage, patients suffer from loss of balance, an impaired 

swallowing mechanism, increased spasticity, and seizures. Most patients do not survive 

past their mid-teens, although those affected with a more attenuated form of the disease 

may live much longer. Death is commonly caused by complications from a respiratory 

infection combined with the existing debility (Cleary and Wraith, 1993). 

 In 1999 a mouse model of MPS IIIB was generated by disrupting exon 6 of 

Naglu, the murine NAGLU homologue (Li et al., 1999). Mice homozygous for disrupted 

Naglu demonstrate a complete absence of active Naglu, accumulation of HS in the liver 
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and kidneys, and hypoactive behaviour at later stages of the disease. Although the mouse 

disease phenotype is not identical to that of affected human patients, it is sufficiently 

parallel to provide a practical model of MPS IIIB pathophysiology (Heldermon et al., 

2007; Li et al., 1999). 

1.1.3 Neurological Effects 
 The mechanisms for neuropathogenesis in MPS IIIB have not been completely 

elucidated. Serial magnetic resonance imaging of children suffering from MPS IIIB 

showed distinct structural abnormalities of the brain, including cortical atrophy and 

ventricular enlargement (Zafeiriou et al., 2001). Upon autopsy, patients demonstrated 

neuronal swelling, visible inclusions in the cytoplasm of cortical neurons, cerebellar 

atrophy with loss of Purkinje cells, frequent accumulation of oxidative products, neuronal 

loss specifically in the substantia nigra region, deterioration of the retinal pigmented 

epithelium, and photoreceptor degeneration (Del Monte et al., 1983; Hamano et al., 

2008; Heldermon et al., 2007).  

 Neurological symptoms demonstrated by the mouse model correlate well with 

observed human symptoms and include abnormal lysosomal inclusions, loss of cerebral 

neurons with concomitant activation of astrocytes, cerebellar Purkinje cell loss, 

sensorineural hearing loss, and retinal deterioration (Heldermon et al., 2007). It is known 

that mice with the MPS IIIB phenotype experience alterations in the suprachiasmatic 

nucleus, leading to weaker melatonin production and thus disturbance of circadian clock 

function. This may partly explain behavioural aspects of the disease such as hyperactivity 

and sleep disturbances (Canal et al., 2010). 
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 Studies of the MPS IIIB mouse model have found that affected neuronal and glial 

cells show attenuated plasticity. A progressive increase in density of reactive astrocytes 

was seen in the MPS IIIB brain, indicating that astrocyte activation and proliferation may 

be a response to accumulated HS; however, these astrocytes had a limited capacity to 

react to injury. Neural stem cells in MPS IIIB mice showed a reduced capacity for 

proliferation. There was no evidence of neuronal cell death; rather, it would seem that the 

phenotype results from deficient neurogenesis and reduced overall plasticity of the 

central nervous system (Li et al., 2002). 

 It was found that undigested HS oligosaccharide fragments within the MPS IIIB 

mouse brain induce activation of microglial cells through a signaling pathway involving 

Toll-like receptor 4 (TLR4) and the adaptor protein MyD88. Purified HS 

oligosaccharides were shown to stimulate activation of mouse microglial cells in vitro; 

also, MPS IIIB mice showed prominent priming of microglial cells at an early age. 

Doubly mutant mice, MPS IIIB mice also deficient in TLR4 and MyD88, did not 

demonstrate early microglial priming, and the typical brain inflammation phenotype was 

delayed for several months. However, expression of MPS IIIB disease markers was 

unchanged in doubly mutant mice, indicating that progression of the neurodegenerative 

process is independent of microglial activation by HS oligosaccharides (Ausseil et al., 

2008). 

 Accumulation of heparan sulphate in the murine model can be detected by 

histochemical staining and, unlike the human phenotype, appears to be limited to neurons 

in specific regions of the brain: the regions showing the most significant inclusions are 

layer II of the medial entorhinal cortex and layer V of the somatosensory cortex. Some 
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neurons also accumulate secondary products such as GM3 ganglioside and cholesterol 

(Ohmi et al., 2003). Gene expression analysis found that neurons of the medial entorhinal 

cortex produce unusually large amounts of lysozyme; upon further analysis, it was 

discovered that these neurons contained hyperphosphorylated Tau (p-Tau) and p-Tau 

aggregates (Ohmi et al., 2009). Tau is a microtubule-associated protein involved in 

neurogenesis and axonal maintenance. Aberrant p-Tau aggregates have been implicated 

in a group of neurological diseases, known collectively as tauopathies, that includes 

disorders such as Pick’s disease, Alzheimer’s disease, and dementia pugilistica 

(Hernandez and Avila, 2007). This research suggests that MPS IIIB should also be 

considered a tauopathy and treated as such. 

 Oxidative stress may play an important role in the pathogenesis of MPS IIIB. 

Studies on gene expression within the brain of the mouse model found a significant 

change in the expression profiles of specific genes involved in reactive oxygen species 

production. For example, expression of several NADPH oxidase components are 

upregulated in MPS IIIB (Villani et al., 2007), resulting in increased production of 

superoxide ions. Although there was no evidence of greater neuronal apoptosis due to 

oxidative damage or cytokine activation, it was suggested that the increased inflammation 

may contribute to attenuated neuronal plasticity. The activity of cytotoxic cells 

(specifically, T lymphocytes and natural killer cells) has been implicated in MPS IIIB 

neural dysfunction. The oxidative stress resulting from high levels of superoxide ion in 

young affected animals was shown to cause significant damage to cellular 

macromolecules, particularly through protein oxidation (Villani et al., 2009). 
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 There is a strong inflammatory component to the CNS disease pathology. 

Comparative gene expression studies on MPS IIIB mouse brain tissue and blood samples 

have shown significant upregulation of genes involved in both the innate and adaptive 

immune responses, including those encoding complement, Toll-like receptors, major 

histocompatibility antigens, cytokines and chemokines, lysozyme, and immunoglobulin, 

as well as genes associated with T lymphocytes, B lymphocytes, and macrophages. 

Lymph nodes draining both the brain and the somatic tissues were larger in MPS IIIB 

mice, and the observed megalospenic phenotype was found to be caused mainly by an 

increase in splenocytes, especially lymphocytes, rather than simply lysosomal storage. T 

cell activation was measured at a significantly higher level in MPS IIIB mice, and 

apparent autoantibodies produced against two specific brain proteins indicated a B cell 

autoimmune response as well (DiRosario et al., 2009). It was found that lymphocytes 

isolated from MPS IIIB mice were pathogenic when injected into wildtype mice, causing 

neurological impairment (including mild paralysis of the lower trunk and tail) and a 

prolonged sickness response (Killedar et al., 2010). Clearly, the neuropathological 

mechanisms of MPS IIIB are both diverse and complex. 

1.1.4 Causative Mutations Identified 
 In 1972, studies of cultured MPS IIIB fibroblasts led to discovery of the primary 

enzyme defect as being Naglu deficiency (O'brien, 1972; von Figura and Kresse, 1972). 

The NAGLU gene was identified in 1994 (Zhao et al., 1994) and quickly cloned and 

characterized (Weber et al., 1996; Zhao et al., 1996). 

 More than 100 mutations causing MPS IIIB have been identified to date (Mangas 

et al., 2008), mainly missense and nonsense mutations but also occasional deletions, 
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insertions, and splice-site mutations. The majority of these defects are “private” 

mutations unique to a single family. However, some are more prevalent: the most 

common (found in 11.5% of patients worldwide) appears to be R297X, a nonsense 

mutation causing a severely affected phenotype (Yogalingam and Hopwood, 2001). 

Many sequence alterations (including R297X) occur at CpG dinucleotides, which are 

known to be mutational hotspots due to their relative instability (Zhao et al., 1996).  

 Although it does manifest in all ethnic groups, the incidence of MPS IIIB varies 

significantly between populations. For example, it occurs in approximately 0.72 per 

100,000 live births in Portugal, 0.47 in Australia, 0.42 in the Netherlands, and 0.28 in 

Taiwan (Lin et al., 2009; Pinto et al., 2003). Allele frequency also fluctuates between 

populations. The mutation R626X is found throughout the world but is particularly 

prevalent in Greece, where it accounts for 16.7% of disease alleles (Beesley et al., 2005). 

R234C, a common mutation in Spanish and Portuguese patients, appears to have a single, 

relatively recent origin (Mangas et al., 2008). 

 MPS IIIB shows an extremely wide clinical heterogeneity, with the severity of the 

disorder varying considerably between individuals depending on which mutations are 

present. For example, P521L is a missense mutation causing a severely affected clinical 

phenotype in homozygous patients; however, a patient heterozygous for P521L in 

combination with H227P showed a more attenuated phenotype, indicating that alleles 

containing H227P may produce Naglu with residual enzyme activity (Weber et al., 

1999). 

 Mapping of known missense mutations onto a homology model of Naglu 

indicates that mutations are randomly scattered over the protein structure—these likely 
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cause only slight conformational defects but may influence enzyme activity by reducing 

overall stability and preventing transport to the lysosome. Interestingly, although four 

mutations occur within the active site, there are no known mutations of the catalytic 

residues. It has been hypothesized that such mutations may be so detrimental as to cause 

an embryonic lethal phenotype (Ficko-Blean et al., 2008). 

1.1.5 Current and Proposed Therapies 
 At present, there is no specific treatment available for Sanfilippo syndrome B; 

therapy consists solely of supportive care and symptom management. Social problems 

such as aggression and hyperactivity do not respond well to behavioural treatment and 

are best treated using antipsychotic agents or sedatives. Many patients require nasogastric 

tube feeding and medication to inhibit production of saliva. Seizures during the later 

disease stages generally respond to anticonvulsant medication (Cleary and Wraith, 1993). 

Administration of external melatonin has been successfully used to treat the sleep 

disturbances experienced by many patients (Guerrero et al., 2006); drugs such as choloral 

hydrate and trimeprasine tartrate have had some limited success as well (Cleary and 

Wraith, 1993). Standard behavioural techniques, involving home visits by a behavioural 

psychologist, have also been found clinically significant in reducing disruptive night-time 

behaviours (Colville et al., 1996). 

 Allogeneic bone transplantation has been performed successfully on twins 

suffering from MPS IIIB. Nine years post-transplant, both patients demonstrated more 

cognitive function than their affected siblings; however, they did experience a steady 

overall decline in intellectual development, and both were still considered to have 

significant developmental delay. Overall, although the procedure alleviated certain 
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symptoms to some degree, it was not effective in preventing neurological regression 

(Vellodi et al., 1992). 

 Since prenatal diagnosis of MPS IIIB can be performed as early as 9–10 weeks 

gestation (Hopwood, 2005), prenatal therapy is one approach currently being explored. 

Exchange of nucleated cells commonly occurs between maternal and fetal systemic 

circulation during pregnancy, a phenomenon known as maternal microchimerism. It was 

hypothesized that maternal xenotransplantation of enzymatically sufficient human 

mononuclear blood cells might rescue the phenotype of an affected mouse fetus. Human 

umbilical cord blood cells intravenously delivered to gravid mice heterozygous for MPS 

IIIB successfully transmigrated and diffused into the embryos. When the embryos were 

tested for Naglu enzyme activity one week after transplantation, they all expressed the 

enzyme at a similar level to that of their heterozygous parents (Garbuzova-Davis et al., 

2006). It is notable that these embryos were not genotyped; also, the structure of the 

rodent placenta is markedly different from that of the human organ. However, this is a 

simple, non-invasive technique that may have therapeutic potential. 

 There is an autoimmune component to MPS IIIB that appears to cause 

neurological deterioration independently of the lysosomal storage pathology. It was 

found that immunosuppression with oral corticosteroids had a therapeutic effect in 

treating neuropathology in MPS IIIB mice: although the disease was not entirely arrested, 

treatment slowed deterioration of the CNS and improved both cognitive and motor 

functions (DiRosario et al., 2009). 

 There is ongoing research into the potential correction of MPS IIIB through gene 

therapy. Lentiviral vector–mediated delivery of the NAGLU gene has been extensively 
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explored. Lentiviral gene transfer of NAGLU to human MPS IIIB fibroblasts has been 

shown to restore sufficient Naglu activity to normalize HS accumulation (Villani et al., 

2002). NAGLU gene delivery by direct injection of a lentiviral vector into the 

hippocampal fimbria of MPS IIIB mice led to long-term restoration of functional Naglu 

activity within the CNS, reversing many (but not all) disease symptoms (Di Domenico et 

al., 2009). However, this approach is extremely invasive, involving direct intracranial 

injection of the vector; also, use of a lentiviral vector raises concerns such as the 

possibility of insertional mutagenesis (Buchschacher and Wong-Staal, 2000). To avoid 

this danger, a recent study explored NAGLU gene delivery utilizing an adeno-associated 

viral type 2 vector (Fu et al., 2010). Adeno-associated viruses exhibit targeted 

integration, predominantly integrating at a specific site on human chromosome 19 

(Monahan and Samulski, 2000). It was found that a single intracisternal injection of this 

vector acted in a dose-dependent manner to reduce lysosomal storage in the CNS, 

improve cognitive function, and extend the lifespan of MPS IIIB mice. Unfortunately, 

this approach did not yield a complete cure and did not address pathology outside of the 

CNS. 

  Lysosomal enzymes are excellent candidates for enzyme replacement therapy 

since a low percentage of functional enzyme is often sufficient to restore proper clinical 

phenotype—in some cases, as low as 10–15% residual enzyme activity is enough for 

normal substrate turnover (Leinekugel et al., 1992). Enzyme replacement therapy has 

been successfully used to treat non-neuropathic lysosomal storage diseases such as Type I 

Gaucher’s disease: exogenous administration of recombinant glucocerebrosidase (the 

enzyme deficient in Gaucher’s) via intravenous injection not only was able to prevent 
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disease progression but also was efficient at regressing visceral and hematological 

abnormalities (Wenstrup et al., 2007). However, recombinant Naglu has not been 

successfully used for replacement therapy of MPS IIIB due to its inability to cross the 

blood-brain barrier and access affected nervous tissue. 

1.1.6 Brief Physiology of the Blood-Brain Barrier 
 Separation of the circulatory and central nervous systems is critical both to 

maintain brain homeostasis and to protect nervous tissue from circulating pathogens and 

macromolecular toxins.  The blood-brain barrier performs this function by remaining 

highly impermeable to virtually all molecules, with the only exceptions being small 

gaseous molecules (such as oxygen or carbon dioxide) and small hydrophobic species 

(such as ethanol). This vascular barrier consists of a network of endothelial cells lining all 

capillaries that pass through the brain. The major physiological mechanism behind its 

impermeability appears to be the tightness of interendothelial junctions (Abbott et al., 

2006; Rubin and Staddon, 1999). 

 Hydrophilic molecules required by brain tissue may cross the blood-brain barrier 

via active transport. For example, specific membrane-associated proteins are responsible 

for the uptake of glucose and certain essential amino acids. Superfluous small lipophilic 

molecules, having entered the brain by diffusion, may be actively transported back into 

the bloodstream (Rubin and Staddon, 1999). Interactions between the endothelial cell 

layer and activated astrocytes can influence the selectivity of the blood-brain barrier 

under both physiological and pathological conditions; for example, astroglial signaling 

during an inflammatory response increases permeability, allowing traffic of cells such as 

activated lymphocytes and macrophages across the intact barrier (Abbott et al., 2006). 
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 Delivery of therapeutic agents across the blood-brain barrier is an ongoing 

challenge. Small peptide drugs may enter the brain by a variety of means, including 

diffusion (if highly hydrophilic), carrier mediated transport, or endocytosis (Egleton and 

Davis, 1997). However, delivery of large proteins is much more difficult to engineer. 

1.2 α-N-Acetylglucosaminidase and Heparan Sulphate 

1.2.1 Human α-N-Acetylglucosaminidase Gene and Enzyme Characteristics 
 α-N-Acetylglucosaminidase (Naglu) is a lysosomal acid hydrolase that catalyzes 

the removal of terminal α-N-acetylglucosamine residues from heparan sulphate. Human 

Naglu shows an isoelectric point of 5.1, has an optimal pH of 4.5, and is extremely labile, 

especially after purification (Sasaki et al., 1991). It is a housekeeping enzyme expressed 

in all cell types. Mature Naglu exists as tissue-specific isozymes with sizes varying 

between approximately 73 and 86 kDa. 

 In vivo, Naglu is initially produced as a precursor polypeptide and subsequently 

processed by cleavage of a short signal peptide from the N-terminus. The enzyme 

undergoes other post-translational modifications, including glycosylation, before being 

targeted to the lysosomal membrane; at least seven potential N-glycosylation sites have 

been identified within Naglu cDNA clones (Weber et al., 2001). 

 Naglu is responsible for hydrolysis of an α1→4 glycosidic bond within the 

backbone of heparan sulphate. A homology model of the enzyme indicates that this 

occurs via a two-step retaining catalytic mechanism involving two glutamate residues, 

one acting as a nucleophile and the other as an acid and base. This model suggests that 

Naglu’s high enzyme-substrate specificity is caused by numerous stereochemically 



 

 

13 
specific interactions as well as an extremely strict conformation of the “sock-shaped” 

active site (Ficko-Blean et al., 2008). 

 The native human gene NAGLU, located on chromosome 17q21, is 8.5 kilobases 

in length and contains five introns (Zhao et al., 1996). The sequence of human Naglu 

cDNA used for this project is 2229 base pairs in length, including 69 base pairs encoding 

the N-terminal native secretion-signaling peptide. The amino acid sequence of the 

secretion signal is MEAVAVAAAVGVLLLAGAGGAAG (Weber et al., 1996; Zhao et 

al., 1996). After post-translational modification, Naglu is produced as a precursor protein 

(approximately 83 kDa) that is further cleaved to yield a mature protein (77 kDa). With 

all N-glycan residues removed, the core protein size of mature Naglu is approximately 70 

kDa (Weber et al., 2001). 

1.2.2 Heparan Sulphate Metabolism 
 Heparan sulphate (HS) is a cell-surface glycosaminoglycan sulphated at various 

positions along its length. It consists of a disaccharide repeat unit containing 

D-glucosamine linked to a hexuronic acid (either β-D-glucuronic acid or α-L-iduronic 

acid). The D-glucosamine residues may be modified by either N-sulphation or 

N-acetylation (Sasisekharan and Venkataraman, 2000; Stringer and Gallagher, 1997). 

Heparan sulphate proteoglycans (HSPGs) are composed of HS polysaccharides attached 

to a protein core. HSPGs are found ubiquitously in mammalian tissues, both extruding 

from cell surfaces and as a component of the extracellular matrix (Bernfield et al., 1999). 

There are two main families of membrane-bound HSPGs: syndecans, which include a 

transmembrane domain, and glypicans, which are anchored to the membrane via the 

C-terminal glycolipid glycophosphatidylinositol (Stringer and Gallagher, 1997). 
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 HSPG biosynthesis occurs through a complex, stepwise pathway facilitated by 

highly specific enzymes. Synthesis of the core protein precursor and addition of 

polysaccharide precursors occur within the endoplasmic reticulum; this is followed by 

sequential transfer of sugar residues to the growing sugar chain by membrane-bound 

enzymes within the Golgi apparatus (Whitelock and Iozzo, 2005; Yanagishita and 

Hascall, 1992). Modification of the initial disaccharides by N-sulphation, O-sulphation, 

acetylation, and epimerization (specifically, conversion of β-D-glucuronic acid to 

α-L-iduronic acid) yields a highly complex, strongly acidic, uniquely information-dense 

biopolymer (Sasisekharan and Venkataraman, 2000). Once synthesis and modification is 

complete, membrane-bound HSPGs are rapidly transferred to the cell surface, appearing 

at the cell surface within 12–15 minutes of completion (Yanagishita and Hascall, 1992). 

 Cell-surface HSPGs are in a dynamic state with a high rate of metabolic turnover; 

the average half-life of an HSPG on the cell surface is 3–8 hours (Yanagishita and 

Hascall, 1992). HSPGs may be shed from the membrane through the action of 

extracellular proteases, phospholipases, or sulfatases. However, the predominant route of 

HSPG catabolism involves endocytosis and intracellular degradation, a slow, stepwise 

process requiring the sequential action of a series of specific lysosomal enzymes 

(Whitelock and Iozzo, 2005; Yanagishita and Hascall, 1992). After internalization, 

endolytic cleavage by heparanases (specific endoglycosidases) separates the heparan 

sulphate chain from the protein core, then further cleaves the glycosaminoglycan 

component into oligosaccharide fragments (Bame, 2001). These short fragments are 

transported to the lysosome, where they are completely degraded in a stepwise pathway 

involving at least seven enzymes: three exoglycosidases, at least three sulfatases, and an 
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acetyltransferase. The initial steps of the degradation pathway are common to both HS 

and dermatan sulphate, another glycosaminoglycan; thus deficiency of α-l-iduronidase, 

iduronate sulfatase, and β-glucoronidase will result in mucopolysaccharidosis type I, type 

II, and type IV, respectively. However, the final four steps are specific to HS catabolism; 

thus deficiency of heparan N-sulfatase, α-N-acetylglucosaminidase (Naglu), 

acetylCoA:α-glucosaminide acetyl-transferase, or N-acetylglucosamine 6-sulfatase will 

result in MPS III subtypes A, B, C, or D, respectively (Schmidtchen et al., 1998; Valstar 

et al., 2008). 

 Naglu, the acid hydrolase catalyzing the fifth step of this lysosomal degradation 

pathway, hydrolizes the α1→4 glycosidic linkage between the sugar units of the 

repeating disaccharide, resulting in release of an N-acetylglucosamine residue (Valstar et 

al., 2008). In the absence of functional Naglu, heparan sulphate builds up in the 

lysosomes and causes engorgement and distortion of cells and tissues. Aside from these 

direct physical consequences, excessive heparan sulphate has additional detrimental 

effects on the CNS including attenuation of astrocytes and decrease in neuronal plasticity 

(Li et al., 2002). 

1.2.3 Heparan Sulphate in the Nervous System 
 Due to their structural and functional heterogeneity, heparan sulphate 

glycosaminoglycans are involved in a broad range of biological processes. Heparan 

sulphate has an inhibitory effect on thrombin and factor Xa and has clinical applications 

as the basis for anticoagulant drugs (Petitou et al., 1999). HSPGs on the cell surface can 

play a structural role, mediating cell-cell and cell-extracellular matrix adhesion. HSPGs 

form complexes with cell-surface signalling receptors, mediating receptor responses; 
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since they are able to bind a wide variety of ligands (including growth factors, cytokines, 

and chemokines), HSPGs may localize a ligand to the cell membrane, increasing local 

ligand concentration and allowing activation of a cell-surface receptor (Bernfield et al., 

1999). Certain microbial pathogens, such as dengue virus (Chen et al., 1997) and herpes 

simplex virus 1 (Shukla et al., 1999), are able to bind HS via adhesins to facilitate 

invasion of the pathogen. There is evidence that HS also functions to regulate malignant 

tumours; certain HSPGs demonstrate strong antitumor activities by reversibly blocking 

angiogenesis (Iozzo and San Antonio, 2001), while the adhesive qualities of HS chains 

may act as a barrier to tumour metastasis (Sanderson, 2001). 

 Heparan sulphate and HSPGs play diverse and significant functional roles in the 

central nervous system, being critically involved in all three major stages of neural 

circuitry development: neurogenesis, axonal guidance, and synapse development 

(Yamaguchi, 2001).  

 Heparan sulphate is a low-affinity receptor for various growth factors, and HSPGs 

are known to modulate the activity of growth factors and morphogens such as fibroblast 

growth factor 2 (FGF-2) and Wnt. Both FGF-2 and Wnt signals are critical factors for 

neurogenesis and neural precursor cell proliferation. Wnt signaling gradients are involved 

in patterning nervous tissue during early development, and Wnt glycoproteins are 

implicated in the ongoing differentiation of various neural and glial cell types (Bernfield 

et al., 1999; Ford-Perriss et al., 2003). FGF-2 may also act as a morphogen to determine 

the fate of neural progenitor cells: in the presence of high FGF-2 concentrations glial 

cells are generated, while lower FGF-2 levels promote generation of neurons 

(Yamaguchi, 2001). FGF-2 signaling is also critical for induction and regulation of 
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astrocyte proliferation and activity (Gomez-Pinilla et al., 1995). Astrocytes, a type of 

glial cell, are involved in maintaining homeostasis of the brain and respond to injury or 

disease by releasing a variety of cytokines to initiate an inflammatory response (Acarin et 

al., 2000). The MPS IIIB mouse model demonstrates high astrocyte density in the brain, 

likely due to the accumulation of HS. However, expression of FGF-2 is attenuated, 

possibly as an adaptive response to chronically elevated levels of HS (Li et al., 2002). 

 HS plays a critical role in axon guidance during morphogenesis and development 

of the mammalian brain. Addition of exogenous HS glycosaminoglycans to growing 

axons results in aberrant targeting in both the central and peripheral nervous systems 

(Properzi and Fawcett, 2004). Conversely, mice with a non-functional HS biosynthetic 

pathway demonstrated severe guidance errors in midline axon tracts (Inatani et al., 2003). 

There is evidence that HSPGs are also involved in axon regrowth after injury: in the 

peripheral nervous system, HSPGs are upregulated near nerve lesions and contribute to 

axon regrowth and remyelination. HSPGs are also upregulated after brain injury and 

secreted into the glial scar. However, their role in lesions of the CNS is unclear, and they 

may actually have an inhibitory effect on axon growth; there is a possibility that HSPGs 

within the extracellular matrix may bind and sequester axon growth–promoting factors, 

preventing these from binding to neuronal surface HSPGs (Properzi and Fawcett, 2004). 

 Finally, HSPGs are also implicated in synaptogenesis. Syndecan-2, a 

transmembrane HSPG, is found in high concentrations within postsynaptic sites; in rat 

hippocampal neurons it was found localized to dendritic spines, neural surface 

protrusions that are involved in the vast majority of excitatory synapses and are thought 

to be the primary sites of synaptic plasticity. It was found that syndecan-2 is able to 
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induce formation and morphological maturation of dendritic spines in vitro, 

demonstrating a role for HSPGs in synapse formation and plasticity. Also, treating brain 

slices with heparatinase has been shown to suppress long-term potentiation (enhancement 

of signal transmission), suggesting that HSPGs may play a role in regulation of synaptic 

strength (Yamaguchi, 2001). 

1.3 Possibility of a Cryptic Splice Site in Naglu cDNA 

1.3.1 Cryptic Splice Site Overview 
 After transcription, precursor messenger RNA (pre-mRNA) transcripts undergo 

splicing to remove intronal sequences. The regions marked for removal are flanked by 

conserved sequences (splice donor and acceptor sites) that are recognized by the 

spliceosome, a complex composed of protein and ribonucleoprotein particles, and 

consequently spliced together (Nelson and Green, 1990). Sites signaling splicing may be 

tissue-specific, yielding multiple alternative isoforms from a single gene; for example, 

exon 5 of Naglu contains testis-specific alternative splice sites that yield products 

differing in size by 250 bp (Weber et al., 1996). 

 Splice sites are defined by specific consensus sequences at the intron-exon 

boundaries. Similarity to the consensus is critical for proper function—a single point 

mutation within these motifs may reduce or abolish splicing (Horowitz and Krainer, 

1994). A “cryptic” splice site is a sequence present in pre-mRNA that coincidentally 

matches closely to this consensus sequence. Cryptic sites are not normally recognized by 

the spliceosome and therefore are not detectably used to process wildtype pre-mRNA. 

Intrinsic differences in splicing efficiency between cryptic and authentic donor sites 

depend on homology between a nine-nucleotide motif and the consensus sequence (Roca 

et al., 2003). Inactivity of a cryptic site may be due to proximity to an active splice site or 
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the long distance between the cryptic donor and acceptor sites. However, upon mutation 

of the sequence a cryptic site can become activated. This may lead to mature mRNA 

lacking a portion of coding sequence, excluding a complete exon (exon skipping), or 

containing intronic sequence (Krawczak et al., 1992). 

 Inappropriate cryptic splice site activation is clinically relevant. There is evidence 

that up to half of all disease-causing gene mutations involve splicing defects. After exon 

skipping, cryptic splice site activation is the second most common outcome of splice site 

mutations (Královičová et al., 2005). At least three known gene alterations causing 

Duchenne muscular dystrophy are the result of nucleotide substitutions within authentic 

splice recognition sequences and consequent activation of nearby cryptic sites (Tuffery-

Giraud et al., 1999). 

 In nature, cryptic splice sites may be activated due to deletion or substitution of a 

base within an authentic splice site, leading to abolishment of that site and activation of a 

nearby cryptic site (Nelson and Green, 1990).  This situation can be unintentionally 

mimicked in the lab when creating complementary DNA (cDNA), since without intronal 

sequences present cryptic sites in neighbouring exons may be brought into proximity, 

creating active splice sites that cause degradation of the resulting mRNA. This was 

shown to be the case for glucocerebrosidase, another lysosomal acid hydrolase: 

missplicing due to a cryptic site caused a large deletion in the mRNA transcript and a 

premature stop codon. Alteration of the DNA sequence encoding the splice site caused 

the level of glucocerebrosidase expression to increase by more than sixfold (Bukovac et 

al., 2008). 
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1.3.2 Evidence for Naglu mRNA Degradation Due to Cryptic Splicing 

 Our laboratory has consistently experienced lower than expected expression 

levels of Naglu, both in insect cells (Spodoptera frugiperda)  and in yeast (Pichia 

pastoris). In 2005, a lab member performing reverse transcription polymerase chain 

reactions (RT-PCR) on a previous Naglu construct expressed in yeast noticed a second, 

smaller than expected band present when analyzing the PCR product by gel 

electrophoresis (Patrick, Unpublished); this suggested that recombinant Naglu mRNA 

was being degraded, possibly due to a cryptic splice site. 

 To further explore this possibility, Naglu mRNA was extracted from Sf9 cells 

expressing a recombinant human Naglu cDNA construct. RT-PCR analysis indicated the 

presence of small, non-target amplicons, two of which were extracted for sequence 

analysis. A 426 bp band was found to contain sequence corresponding to the 5` and 3` 

ends of the expected Naglu mRNA sequence, with approximately 1735 bp missing in 

between (Jantzen, 2009). Splice site consensus sequences contain a GU dinucleotide at 

the donor site and an AG dinucleotide at the acceptor site, both of which were seen at the 

expected positions flanking the missing 1735 bp. This indicated that the 426 bp product 

was caused by a cryptic splice site in Naglu cDNA (Jantzen, 2009; Truelson et al., 2011). 

 There was concern that this amplicon may have been an artifact of intramolecular 

template switching activity during the RT-PCR reaction. Naglu is extremely GC-rich and 

thus prone to forming secondary structures, and the presence of a four-nucleotide overlap 

at the putative splice junction could be evidence that the observed deletion was a result of 

the original transcript folding such that the retroviral reverse transcriptase switched 

strands at the overlap. To remove this possibility, the RT-PCR was repeated using a 

bacterial Carboxydothermus hydrogenoformans (C. therm.) DNA polymerase Klenow 



 

 

21 
fragment. Since this fragment does not have the inherent template-switching propensity 

of retroviral enzymes, it has been shown to eliminate generation of aberrant RT-PCR 

products (Mader et al., 2001). The C. therm. RT-PCR resulted in successful amplification 

of the 426 bp fragment, indicating that this amplicon was not simply an artifact of the 

RT-PCR reaction and providing further evidence for the hypothesis that Naglu mRNA 

was being degraded due to inappropriate activation of two cryptic splice sites (Truelson, 

2009). 

 The discovery of these putative splice sites not only provided a potential 

explanation for the relatively low level of Naglu expression previously experienced but 

also suggested a mechanism to significantly increase the production yield of active 

recombinant Naglu, thus overcoming a major obstacle to the progress of our research. 

1.3.3 Removal of Proposed Cryptic Splice Sites by Site-Directed Mutagenesis 
 To abolish the hypothesized cryptic splice sites, site-directed mutagenesis was 

performed to silently alter nucleotides within both the donor and acceptor sites (Truelson 

et al., 2011). Segments of Naglu cDNA were amplified in three separate PCR reactions 

using mismatch primers to create three fragments containing altered sequence at the 

splice donor and acceptor sites. These fragments were combined in a fusion PCR reaction 

to generate full-length mutagenized Naglu cDNA (ΔSNaglu). The introduced mutations 

did not affect the encoded amino acids: the sequence at the donor splice site was changed 

from AGG to CGT (arginine), while the acceptor site was altered from CAG to CAA 

(glutamine; see Supplementary Figure 2). 

 The mutagenized fusion product was cloned into the plasmid p2ZoptcxF and fully 

sequenced to confirm that ΔSNaglu had undergone successful site-directed mutagenesis 
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without introduction of unwanted base alterations. RT-PCR analysis of Sf9 cells 

expressing the plasmid p2ZoptcxF/mutNaglu (encoding ΔSNaglu) showed a complete 

absence of the 426 bp fragment. This strongly suggested that mutagenesis of the putative 

splice sites succeeded in abolishing aberrant splicing activity and preventing 

inappropriate degradation of Naglu mRNA. However, it was not known whether the 

cryptic splicing activity had a significant effect on Naglu protein expression levels; an in-

depth comparison of Naglu expression between wildtype and mutagenized Naglu had yet 

to be performed. 

1.4 Expression of Human Recombinant Naglu 

1.4.1 Spodoptera frugiperda Insect Cell System 
 Recombinant Naglu used for this project was expressed by Sf9 cells, an insect cell 

line derived from the moth Spodoptera frugiperda. This system is widely used for 

expression of human glycoproteins (Altmann et al., 1999) since it demonstrates post-

translational processing similar to mammalian cells, with the exception that insect cells 

produce N-glycans of a lower average molecular weight (Kost et al., 2005) and are 

unable to phosphorylate mannose residues (Aeed and Elhammer, 1994). Insect cell 

expression systems have several advantages over mammalian cell culture, including their 

less complex growth conditions, inexpensive growth media, and ability to be adapted for 

large-scale fermentor culture (Pfeifer, 1998).  

 In the past, insect cell lines were popularly used in conjunction with a baculovirus 

expression system. However, this system is not optimal for proteins requiring any type of 

post-translational modification because viral infection often compromises cellular 

machinery, resulting in a heterogenous mix of protein products. More importantly, viral 

infection eventually leads to lysis of the host cells and therefore is not appropriate for 
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long-term expression (Pfeifer et al., 2001). Fortunately, non-lytic, integrative plasmid 

vector systems are now commercially available that allow generation of stable insect cell 

lines. 

1.4.3 Vector pIZT/V5-His 
 The cells were transfected using the integrative plasmid pIZT/V5-His (Invitrogen 

Life Technologies, 2002a). Unlike the baculovirus system, which can potentially disrupt 

cell metabolism due to infection, this is a plasmid-mediated, non-lytic system that 

generates stably transformed cell lines. The vector contains a ZeocinTM-resistance gene 

(Sh ble) for antibiotic selection of stable cell lines; this is fused to a gene encoding cycle 

3 green fluorescent protein (GFP) for rapid detection of transfected cells. Included in the 

multiple cloning site are sequences encoding two additional peptides: a hexahistidine tag 

to facilitate purification and a V5 epitope to allow detection of recombinant protein 

(Invitrogen Life Technologies, 2002a). However, the vector encodes neither a secretion 

signal peptide nor a Kozak translation initiation sequence. For the full pIZT/V5-His 

vector map, see Supplementary Figure 1. 

 The antibiotic ZeocinTM, a member of the phelomycin family, is toxic due to its 

ability to bind DNA and create double-stranded breaks. It is lethal to a broad range of 

prokaryotic and eukaryotic organisms, allowing use of a single selection system effective 

for both bacterial and Sf9 cell cultures (Pfeifer et al., 1997). The Sh ble resistance gene 

encodes a phleomycin-binding protein that inhibits ZeocinTM activity by forming a 

complex with the antibiotic (Gatignol et al., 1988); in this case, Sh ble has been fused to 

cycle 3 GFP as a resistance marker (Bennett et al., 1998). 
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  The Kozak sequence (consensus [G/A]NNATGG) surrounds the start codon of a 

gene and is critical for ribosomal recognition of mRNA (Kozak, 1991). Protein 

expression is unlikely to be optimal in the absence of a Kozak sequence since ribosomal 

binding and translation initiation may be inefficient. 

 The OpIE2 promoter is used for constitutive expression of the recombinant 

protein of interest, while the OpIE1 promoter drives expression of the ZeocinTM/GFP 

fusion. These are baculovirus immediate-early promoters derived from the moth Orgyia 

pseudotsugata. The use of two different promoters within this system is an advantage in 

that OpIE2 has been shown to drive expression 5–10 times more strongly than OpIE1; 

this may enhance expression of the transgene by minimizing competition for transcription 

machinery with ZeocinTM/GFP. Expression levels from OpIE2 are expected to range 

between one and ten micrograms of protein per milliliter of Sf9 cell medium (Invitrogen 

Life Technologies, 2002a). 

1.4.4 Purification of Naglu 
 Fast protein liquid chromatography (FPLC) is a high-resolution, versatile protein 

purification system used to separate proteins out of complex mixtures. A wide range of 

chromatography types may be used in conjunction with this system, including gel 

filtration, reverse phase, ion exchange, and hydrophobic interaction chromatography 

(Sheehan and O'Sullivan, 2004). FPLC is an optimal method for rapid purification of 

active enzyme samples since the process is relatively short and can be operated under 

non-denaturing conditions, minimizing the inactivation of the enzyme of interest (Yang et 

al., 1992). This study used FPLC as a system for purification of recombinant Naglu from 

Sf9 cell medium using hydrophobic interaction chromatography. 
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 Hydrophobic interaction chromatography is a relatively gentle method of 

purification, promoting separation of biological macromolecules based on surface 

hydrophobicity (O'Farrell, 2008). When used for protein purification, this method should 

maintain the biological activity of the sample; it is proposed that the major forces 

involved in hydrophobic interactions are van der Waals forces, fairly weak interactions 

that cause minimal damage to the protein of interest (Queiroz et al., 2001). Since Naglu is 

a membrane-associated protein, it is extremely hydrophobic and may be partially purified 

using hydrophobic interaction chromatography.  

1.4.5 HIV-TAT–Derived Protein Transduction Domains 
 The transcriptional activator of transcription (Tat) protein of human 

immunodeficiency virus type 1 contains a protein transduction domain (PTD) that is able 

to permeate biological membranes, including the blood-brain barrier. The functional 

portion of this domain is an arginine-rich sequence of 9–12 amino acids in length 

(YGRKKRRQRRRP) that has the ability to deliver heterologous molecules, including 

large proteins, into cells (Fawell et al., 1994).  

 The complete mechanism by which Tat crosses the blood-brain barrier has not yet 

been elucidated. However, there is evidence that Tat-PTD selectively disrupts the 

permeability of the endothelial cell layer by altering the expression and distribution of 

tight junction proteins. When Tat was added to cultured brain endothelial cells, it was 

found to significantly reduce the expression of the proteins claudin-1, claudin-5, and 

ZO-2, all of which are necessary for the structural and functional fidelity of tight 

junctions (Andras et al., 2003). Cell-surface glycosaminoglycans, including heparan 

sulphate, play an important role in Tat-PTD cellular transduction. Acidic polysaccharides 
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form a pool of negative charge that facilitates binding of Tat-PTD to the cell surface. 

However, Tat-PTD transduction is not absolutely dependent on the presence of 

glycosaminoglycans, since it also occurs efficiently in their absence (Gump et al., 2010). 

 The wildtype Tat-PTD is an amphipathic alpha-helix with strategically placed 

arginine residues, a structural motif that has been used as a basis for artificial 

transduction domains. A synthetic domain called PTD4 (also known as mod•Tat-PTD) 

was created by strengthening the alpha-helical structure with additional alanine residues 

while tightening the arginine alignment (final amino acid sequence YARAAARQARA). 

PTD4 showed greatly enhanced transduction potential compared to the wildtype: when 

tested on Jurkat T cells in vitro a 33x increase in transduction potential was seen, while in 

vivo studies using a mouse model demonstrated a 5x increase as measured by whole 

blood cell intracellular accumulation after intraperitoneal injection (Ho et al., 2001). 

 The wildtype Tat protein transduction domain has been shown to deliver its fusion 

partners across the blood-brain barrier in vivo. A recombinant protein containing the 

enzyme β-galactosidase fused to Tat-PTD was intraperitoneally injected into mice. Four 

hours after injection, strong β-galactosidase activity was seen in all regions of the brain, 

while mice that had been injected with the wildtype enzyme showed no detectable 

activity (Schwarze et al., 1999). Notably, Tat-PTD did not appear to cause any toxicity or 

immunogenicity in this study. 

 Tat-PTD has already been tested as a delivery system for therapeutic agents. 

Erythropoietin coupled to Tat-PTD injected into a murine model of transient focal 

ischemia showed significantly increased delivery across the blood-brain barrier compared 

to wildtype erythropoietin. When the fusion protein was injected intraperitoneally, a 
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twofold increase in transport across the blood-brain barrier was seen; when injected 

intravenously, a fivefold increase was seen (Zhang et al., 2010). Addition of Tat-PTD did 

not appear to affect the biological activity of erythropoietin. It is worth noting that 

wildtype erythropoietin is able to cross the blood-brain barrier to some extent. However, 

this increased delivery led to a significantly lower effective therapeutic dose of 

erythropoietin, mitigating dose-dependent toxicity; it also confirmed the possibility of 

using this approach for delivery of other therapeutic agents, such as Naglu, which would 

otherwise be unable to access the central nervous system. 

 The use of Tat-derived protein transduction domains for delivery of biologically 

active proteins in vivo has many therapeutic advantages. Tat-PTD appears to have the 

ability to deliver cargoes to all types of cells in vitro and all organs in vivo (Rapoport and 

Lorberboum-Galski, 2009). Fusion partners may be targeted to specific subcellular 

localizations such as the lysosomes (Zhang et al., 2008). Also, Tat-based therapies are 

non-viral and do not involve integration of foreign DNA into the genome. The use of Tat-

mediated delivery systems for long-term enzyme replacement therapy does have some 

major drawbacks; for example, this system does not currently have the ability to target 

specific cell types. After cargo delivery, Tat-PTD may exit the cell using the same 

transduction mechanism, reducing the amount of cargo within a target cell. There are 

limited toxicity studies on Tat-PTD, and most importantly, there is a distinct possibility 

that an immunogenic response to Tat-PTD may be developed should a patient be exposed 

to the system over an extended period of time, as would be required for enzyme 

replacement therapy (Rapoport and Lorberboum-Galski, 2009). Overall, however, this 

system is extremely promising for treatment of metabolic disorders affecting the CNS. 
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 Since Tat-PTD has been shown to transport its fusion partners successfully across 

the blood-brain barrier in vivo, fusion of PTD4 to human Naglu was proposed with the 

intent of creating a recombinant enzyme capable of penetrating the blood-brain barrier 

and delivering Naglu to the central nervous system. Interestingly, Tat-PTD has been 

shown to bind both heparin (Rusnati et al., 1997) and heparan sulphate (Ziegler and 

Seelig, 2004). Fusion of PTD4 to Naglu not only may allow delivery of the recombinant 

enzyme to the CNS but also may increase its substrate affinity, further enhancing the 

therapeutic success of this system. 

1.5 Project Overview and Objectives 
 The project described herein may be broken down into three main components:  

comparison of expression levels between mutagenized and non-mutagenized Naglu 

cDNA constructs, analysis of the effectiveness of the native Naglu secretion peptide in 

the Sf9 system, and partial purification of an active recombinant Naglu fusion protein 

from Sf9 suspension culture medium. 

 The first portion of this project encompassed analysis of the impact of two 

putative cryptic splice sites on the expression levels of Naglu. Four different gene 

constructs were created and cloned for this component, two containing wildtype Naglu 

cDNA (pIZT/NNSS-Naglu and pIZT/NNSS-Naglu-PTD4) and two containing Naglu 

cDNA in which the sequence encoding two putative cryptic sites had been altered using 

site-directed mutagenesis (pIZT/NNSS-ΔSNaglu and pIZT/NNSS-ΔSNaglu-PTD4). It 

was hypothesized that such mutagenesis would abolish cryptic splicing, preventing 

degradation of Naglu at the mRNA stage. Thus it was expected that the cultures 

expressing the mutagenized versions would show a significant increase in the level of 
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Naglu protein expression over the wildtype. Also, the Naglu cDNA in two of these four 

final gene constructs was fused to the synthetic protein transduction domain PTD4 with 

the intent that future researchers may use these enzymes for cellular uptake studies in 

vitro (for example, to examine transduction of Naglu-PTD4 into human fibroblasts in 

culture) or in vivo (for example, to examine transduction of Naglu-PTD4 across the 

blood-brain barrier in the MPS IIIB murine model). It is hoped that the Naglu-PTD4 

fusion enzymes will have enhanced transduction abilities rendering them effective for 

enzyme replacement therapy. 

 The second component of this project focussed on examining the native Naglu 

secretion signaling peptide (NNSS) and its effectiveness in the Sf9 protein expression 

system. Secretion of an expressed recombinant product into Sf9 culture medium 

facilitates protein harvest and purification. Although endogenous human Naglu is 

preceded by a native signaling peptide of 23 amino acids in length (sequence 

MEAVAVAAAVGVLLLAGAGGAAG; Weber et al., 1996; Zhao et al., 1996) previous 

expression projects in our laboratory used Naglu gene constructs in which the native 

sequence was replaced with a human transferrin peptide signal. The transferrin peptide 

was chosen due to its proven effectiveness in signalling secretion of other human 

recombinant proteins from Sf9 cells (Pfeifer et al., 2001). However, the Sf9 system is 

reputed to recognize all mammalian secretion signals tested to date (Invitrogen Life 

Technologies, 2002a). Although the native Naglu signaling peptide would normally act in 

conjunction with mannose 6-phosphorylation of N-glycosylation residues to target Naglu 

to the lysosomes, Sf9 cells do not express phosphorylated mannose (Aeed and Elhammer, 

1994). Without the mannose 6-phosphate signal, the native signaling peptide should 
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target Naglu for secretion. Thus for this project the transferrin peptide was replaced with 

the Naglu secretion peptide in order to test the functionality of the native peptide in the 

Sf9 system, with the hypothesis that it would successfully signal for secretion of active 

Naglu enzyme into the culture medium. Cell homogenate and cell-clarified medium 

samples from stably selected Sf9 cell lines were tested for the presence of active 

recombinant Naglu using a fluorogenic activity assay, and the relative distribution of 

Naglu between fractions was estimated using immunoblotting. 

 Finally, expression and partial purification of recombinant Naglu-PTD4 from Sf9 

culture medium was done using suspension culturing and hydrophobic interaction 

techniques. Sf9 cell lines expressing and secreting ΔSNaglu-PTD4 were scaled up to 

large-volume shaker cultures. After applying the culture medium to a hydrophobic 

interaction column, silver staining was used to estimate the relative purity of various 

eluted fractions. The presence of Naglu was detected within each sample by 

immunoblotting. Total activity at each stage as well as specific activity before and after 

purification were compared to determine the overall yield of active enzyme. 

 The ultimate goal of this research is to develop an efficient system for 

economical, large-scale production of human recombinant Naglu that has the potential to 

be successfully used for enzyme replacement therapy of MPS IIIB. 
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2.  Materials and Methods 

2.1 Materials 

2.1.1 Chemicals and Reagents 
 ACP Chemicals, Montreal, QC: ethylenediaminetetraacetic acid (EDTA), 

glycerol, sodium acetate. BioRad, Hercules, CA: Bio-Rad Protein Assay dye reagent, 

ethidium bromide. Caledon Laboratories Ltd., Georgetown, ON: ammonium sulphate. 

Cedarlane Laboratories Ltd., Burlington, ON: Purified Anti-His Tag monoclonal 

antibody (mouse). EMD Biosciences, San Diego, CA: 4-methylumbelliferyl-N-acetyl-α-

D-glucosamide. Integrated DNA Technologies Inc., Coralville, IA: custom primers, 

“Native Naglu Secretion Signal” minigene in pIDTSMART. Invitrogen, Burlington, ON: 

pIZT/V5-His vector system, Platinum® Pfx DNA polymerase, Platinum® Taq DNA 

polymerase, RNAseOUT ribonuclease inhibitor,10x Pfx amplification buffer, 10x Taq 

amplification buffer, 10x PCRx enhancer solution, SuperScript II reverse transcriptase, 

5x First Strand buffer, Oligo (dT)12-18 primer, Calf Intestinal Alkaline Phosphatase (CIP), 

T4 DNA ligase, 2x T4 ligase buffer, GIBCOTM distilled water, 20 mM MgCl2, 100 mM 

dNTPs, 50 mM MgSO4, PositopeTM Antibody Control Protein, ZeocinTM. MBI 

Fermentas, Burlington, ON: pUC Mix Marker 8, MassRulerTM DNA ladder mix. New 

England Biolabs, Beverly, MA: 100x bovine serum albumin (BSA), SacI restriction 

endonuclease, XmaI restriction endonuclease, EcoRI restriction endonuclease, 10x 

Thermopol buffer, Taq DNA polymerase, 3x sodium dodecyl sulphate (SDS) sample 

buffer, 10x NEBuffer 4, 1.25 M dithiothreitol (DTT), 10x Glycoprotein Denaturation 

buffer, 10x G7 Reaction Buffer, 10% NP-40, PNGase F, Broad Range Protein Standard, 

1 kb DNA Standard. Pierce Biotechnology, Rockford, IL: SuperSignal® West Dura 
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chemiluminescent reagent, Stabilized Goat Anti-Mouse HRP-Conjugated secondary 

antibody. Promega, Madison, WI: FuGENE® HD transfection reagent. Qiagen, 

Mississauga, ON: RNase-free DNase. Roche Diagnostics, Basel, Switzerland: 

recombinant green fluorescent protein (rGFP). Sigma-Aldrich, Oakville, ON: Tween® 20, 

5M Betaine solution, dimethyl sulfoxide (DMSO). Stressgen Biotechnologies, Victoria, 

BC: Goat Anti-Rabbit HRP-Conjugated secondary antibody. ThermoFisher Scientific, 

Waltham, MA: HyClone® SFX-InsectTM protein-free culture medium. 

2.1.2 Prepared Media and Solutions 
 Buffers: Citrate buffer: 20 mM citrate, pH 5.5. Glycine-NaOH buffer: 0.5 M 

glycine (pH 10.5). HIC buffer A (high salt buffer): 0.1 M NaCl, 50 mM C6H8O7•H2O 

(citric acid monohydrate), 1 M (NH4)2SO4, pH 5.5. HIC buffer B (low salt buffer): 0.1 M 

NaCl, 50 mM C6H8O7•H2O (citric acid monohydrate), pH 5.5. HIC buffer C: 0.1 M NaCl, 

3% (w/v) cholic acid. Methanol transfer buffer: 10% (v/v) methanol, 25mM tris base, 

19.2 mM glycine. PBS:137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 1.44 mM KH2PO4, 

pH 7.4. PBST: PBS, 0.2% (v/v) Tween® 20. PVDF stripping buffer: 65 mM tris base, 2% 

(w/v) SDS, 0.7% (v/v) β-mercaptoethanol. SDS buffer mix: 90% (v/v) 3x SDS sample 

buffer, 10% (v/v) 30x DTT. TAE electrophoresis buffer: 40mM Tris-acetate, 1 mM 

EDTA. Tris-glycine electrophoresis buffer: 0.1% (w/v) SDS, 0.2 M glycine, 25 mM Tris 

base. TTBS: 20 mM tris-HCl, 0.1% (v/v) Tween® 20, 500 mM NaCl, pH 7.6. 

 Prepared Culture Media: LSLB: 1% (w/v) tryptone, 0.5% (w/v) NaCl, 0.5% (w/v) 

yeast extract, pH 7.5. LSLB/ZeocinTM plates: 25 mL LSLB, 1.5% (w/v) agar, spread with 

0.625 mg ZeocinTM immediately prior to use. SOC medium: 2% (w/v) tryptone, 0.5% 



 

 

33 
(w/v) yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgC12•6H20, 10 mM 

MgS04•7H20.  

 Other Prepared Solutions: 4-mu-substrate: 0.1 M Na-acetate, 0.5 mg/mL BSA, 

0.2 mM 4-methylumbelliferyl-N-acetyl-α-D-glucosamide, pH 4.3. Silver stain fixative 

solution: 50% (v/v) ethanol, 5% (v/v) acetic acid. Silver stain developer solution: 20 

mg/mL sodium carbonate, 0.04% (v/v) formaldehyde. Silver stain pre-drying solution: 

10% (v/v) ethanol, 5% (v/v) glycerol. 

2.1.3 Equipment and Software 
 Amersham Biosciences, Piscataway, NJ: AKTAprime™ chromatographic system, 

Hybond-P PVDF membrane, Phenyl SepharoseTM High Performance column matrix. 

Barnstead International, Dubuque, IA: Sequoia-Turner digital fluorometer (model 450). 

BioRad, Hercules, CA: Mini PROTEAN® Tetra Cell electrophoresis system, Mini Trans-

Blot® Cell electrophoretic transfer system, Wide Mini-Sub® Cell GT electrophoresis 

system, HPLC custom packed column. BioTek, Winooski, VT: Synergy HT microplate 

reader, KC4TM microplate reader software. Carl Zeiss Microimaging, Jena, Germany: 

AxioVert 100 inverted microscope. Diagnostic Instruments Inc., Sterling Heights, MI: 

SPOT RT KE/SE camera. Eastman Kodak, Rochester, NY: Kodak® BioMax film, 

Kodak® X-Omat 2000A processor. Forma Scientific, Marietta, ON: Water-Jacketed 

Incubator Model 3332. Ibis Biosciences, Carlsbad, CA: BioEdit 7.0.9 sequence 

alignment editor. Millipore, Billerica, MA: Steritop® ExpressTM PLUS 0.22 µm filter 

units, Amicon®
 Ultra-4 centrifugal filter devices. Minitab Inc., State College, PA: 

Minitab® 16 statistical analysis software. National Center for Biotechnology Information, 

Bethesda, MD: Basic Local Alignment Search Tool. National Institute for Medical 
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Health Research Services Branch, Bethesda, MD: ImageJ immunoblot processing and 

analysis software. New Brunswick Scientific, Edison, NJ: C24 Incubator Shaker. Pall 

Corporation, Mississauga, ON: 0.2 µm Supor®-200 filtration membranes. Perkin Elmer, 

Wellesley, MA: GeneAmp PCR thermal cycler. Pharmacia LKB Biochrom Ltd, 

Cambridge, ENG: Novaspec® visible fluorometer, LKB Pump P-500. Qiagen, 

Mississauga, ON: QIAprep Spin Miniprep Kit, QIAGEN Plasmid Midi Kit, 

QIAquick™ PCR Purification Kit, QIAshredderTM columns, RNeasy® Mini Kit, 

DNeasy® Blood & Tissue Kit. Sarsedt, Newton, NC: PE Vented Cap T75 and T25 cell 

culture flasks, 6-well tissue culture plates, rubber-tipped 25 cm cell scrapers. Stratagene, 

La Jolla, CA: Eagle Eye® II still video system. ThermoFisher Scientific, Waltham, MA: 

Nanodrop® ND-1000 spectrophotometer, 250 mL and 1 L Fisherbrand® shaker flasks. 

2.1.4 Cell Lines 
 Invitrogen, Burlington, ON: Subcloning efficiency DH5αTM competent 

Escherichia coli cells, GibcoTM Spodoptera frugiperda 9 cells. 

2.1.5 Materials Contributed by Others 
 Naglu cDNA template and rabbit anti-Naglu polyclonal primary antibody were 

generously donated to our lab by Dr. Elizabeth Neufeld and Dr. Hong Zhao (University 

of California, Los Angeles, CA). The wildtype Naglu-PTD4 cDNA used in this study was 

obtained directly from the plasmid p2ZoptcxF-NPTD4 created by Judith Bandsmer 

(2004), while mutagenized ΔSNaglu-PTD4 cDNA was obtained from the plasmid 

p2ZoptcxF-mutNPTD4 created by Sarah Truelson (2009). 
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2.2 Methods  

2.2.1 Creation of Gene Constructs 

2.2.1a Gene Constructs pIZT/Kozak-Naglu and pIZT/WT-Naglu 
 Naglu cDNA template was PCR amplified from the plasmid p2ZoptcxF-NPTD4 

on a GeneAmp thermal cycler (for full Naglu cDNA sequence, see Supplementary Figure 

2). Each reaction mixture contained 5 ng DNA template, 0.25 mM dNTPs, 10% (v/v) 10x 

Pfx buffer, 1.0 mM MgCl2, 0.6 µM of each primer, 8% (v/v) DMSO, 1U Platinum Pfx, 

and ddH2O to 50 µL. Forward primers contained a 5` SacI cleavage site; the Kozak 

consensus sequence was added to Kozak-Naglu using a tailed mismatch forward primer 

(primer K.F), while WT-Naglu was amplified using a standard tailed forward primer 

(primer N.F). Reverse primers contained a 5` EcoRI cleavage site (primers N.R and P.R; 

for primer sequences, see Table 2.1).  

 The touch-down PCR profile was as follows: the reaction solution was held at 94º 

for 2 min, then underwent 10 cycles of 94º (0.25 min), 70–61º (0.5 min), 68º (2.5 min), 

during which the annealing temperature decreased by 1º per cycle. This was followed by 

15 cycles of 94º (0.25 min), 60º (0.5 min), 68º (2.5 min) and a final elongation at 68º for 

5 min. Samples were stored at 4º and were analyzed on 1.5% (w/v) agarose gels run in 

TAE buffer at 70–120 V. Gels were stained with ethidium bromide and visualized using 

the Eagle Eye® II still video system. 

 PCR products were purified using a QIAquick™ PCR Purification Kit according 

to the manufacturer’s instructions, and sample concentrations were determined using a 

Nanodrop® spectrophotometer. Purified amplicons were doubly digested with the 

restriction enzymes SacI and EcoRI in the following reaction: approximately 2 µg DNA 
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Table 2.1. Primers for amplification and cloning of various Naglu gene constructs.  

Primer orientation is indicated in the name by either F (forward) or R (reverse). Restriction 

sites are underlined and are preceded by four adenine residues to enhance enzyme binding. 

The Kozak consensus sequence is shown in bold. 

 

Name Sequence (5` to 3`) Description 

K.F AAA AGA GCT CAC CAT GGA CGA GGC CCG GGA GG  SacI site, Kozak/START, first 16 
bases of Naglu cDNA 

N.F AAA AGA GCT CAT GGA CGA GGC CCG GGA GG  SacI site, START (no Kozak), first 
16 bases of Naglu cDNA 

N.R AAA AGA ATT CCA AGA GCC GGC CAC CCA G  EcoRI site, last 18 bases of Naglu 
cDNA 

P.R AAA AGA ATT CAT TGC ACG TGC CTG ACG TGC  EcoRI site, last 20 bases of PTD4 
cDNA 

A.F TAC TAT TGC CAG CAT TGC TGC  Sequence directly 5` of NNSS 
minigene in pIDTSMART 

N2.F CGA CGA GGC CCG GGA GG  Contains first 16 bases of Naglu 
(for clone screening and RT-PCR) 

N2.R CCA AGA GCC GGC CAC CCA G   Contains last 18 bases of Naglu 
(for clone screening and RT-PCR) 
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was combined with 10U of each restriction enzyme, 10% (v/v) 10x BSA, and 10% (v/v) 

10x NEBuffer 4, digested for 2 hr at 37º, then immediately PCR purified as above.

 The commercial vector pIZT/V5-His was cloned into E. coli as described below 

(see section 2.2.2) and purified using a QIAGEN Plasmid Midi Kit. Vector DNA was 

doubly digested as just described, with the addition of a dephosphorylation step: after 

digestion, the restriction enzymes were heat-inactivated at 65º for 20 min before addition 

of 1U CIP to the reaction mixture. The sample was held at 37º for 1 hr before PCR 

purification as above. 

 Kozak-Naglu and WT-Naglu were ligated into the vector pIZT/V5-His at a 3:1 

insert:vector ratio to create the plasmids pIZT/Kozak-Naglu and pIZT/WT-Naglu, 

respectively. The ligation reaction contained 50 ng vector DNA, 97.5 ng insert DNA, 

1.5U T4 DNA ligase, and 50% (v/v) 2x T4 ligase buffer and was held at 14º for 16 hr. 

Samples were stored at -20º. 

2.2.1b Gene Constructs pIZT/NNSS-Naglu, pIZT/NNSS-Naglu-PTD4, pIZT/NNSS-
ΔSNaglu, and pIZT/NNSS-ΔSNaglu-PTD4 

 DNA sequence encoding the native Naglu secretion-signaling peptide was 

designed and purchased from Integrated DNA Technologies Inc. (Coralville, IA) as a 

minigene (“Native Naglu Secretion Signal” or NNSS; for the complete NNSS minigene 

sequence, see Figure 2.1) within the plasmid pIDTSMART. Within the minigene, the 

NNSS DNA sequence was flanked by four primer sequences to facilitate PCR 

amplification. This was cloned into E. coli as described below and purified using a 

QIAprep Spin Miniprep Kit. The NNSS minigene was amplified from the purified 

plasmid sample using the touchdown PCR protocol described above (primers A.F and 

N.R; see Table 2.1), then digested with XmaI as follows: approximately 750 ng of DNA  
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5`- GATATC TACGATTTAGGTGACACTATAG TACTATTGCCAGCATTGCTGC GAGCTC  

ACC [ATG] GAG GCG GTG GCG GTG GCC GCG GCG GTG GGG GTC CTT 

CTC CTG GCC GGG GCC GGG GGC GCG GCA GGC GAC GAG GCC CGG GA 

CTGGGTGGCCGGCTCTTGG  CCCTATAGTGAGTCGTATTA  GATATC 

 

 

 

Figure 2.1. Native Naglu secretion signal (NNSS) minigene DNA sequence as encoded within 

the plasmid pIDTSMART.  

The minigene contains the following elements (5` to 3`): EcoRV restriction site, Sp6 forward 

primer sequence, A.F forward primer sequence (see Table 2.1), SacI restriction site, native 

Naglu secretion signal sequence immediately followed by the first 14 bases of Naglu cDNA 

(including an endogenous XmaI restriction site), N2.R reverse primer sequence (see Table 

2.1), T7 reverse primer sequence, EcoRV restriction site.  

Restriction sites are underlined. DNA sequence encoding the native Naglu secretion signal is 

shown in bold, with the Kozak sequence in italics and the start codon enclosed in brackets. 
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was added to 5U XmaI, 10% (v/v) 10x BSA, and 10% (v/v) 10x NEBuffer 4 and 

incubated 2 hr at 37º. The restriction enzyme was denatured for 20 min at 65º, then 1 U 

CIP was added and the reaction was incubated for 1 hour at 37º before PCR purification. 

 Naglu and NPTD4 (from p2ZoptcxF-NPTD4; Bandsmer, 2004), ΔSNaglu and -

ΔSNPTD4 (from p2ZoptcxF-mutNPTD4; Truelson, 2009) cDNA templates were 

amplified according to the touch-down PCR protocol previously described (forward 

primer K.F for all four constructs, reverse primer N.R for Naglu or ΔSNaglu, reverse 

primer P.R for NPTD4 or ΔSNPTD4; see Table 2.1). Amplicons were PCR purified and 

digested with XmaI as follows: 1–2 µg DNA was added to 10U XmaI, 10% (v/v) 10x 

BSA, and 10% (v/v) 10x NEBuffer 4 and incubated 2 hr at 37º before immediate PCR 

purification. 

 NNSS was ligated to the various Naglu cDNA constructs as follows: 200 ng 

Naglu cDNA, 38.2 ng NNSS DNA, 1.5 U T4 DNA ligase, and 20% (v/v) 5x T4 DNA 

ligase buffer were mixed and held at 14º for 16 hr. PCR was performed according to the 

touch-down protocol above using a forward primer specific to the NNSS minigene 

(primer A.F) and a reverse primer specific to either Naglu (primer N.R) or NPTD4 

(primer P.R; see Table 2.1). Amplicons were PCR purified, doubly digested with SacI 

and EcoRI, and ligated into pIZT/V5-His as described previously, resulting in four final 

gene constructs: pIZT/NNSS-Naglu, pIZT/NNSS-Naglu-PTD4, pIZT/NNSS-ΔSNaglu, 

and pIZT/NNSS-ΔSNaglu-PTD4 (see Figure 2.2 for schemas of the final gene constructs 

as inserted into pIZT/V5-His; see Supplementary Figure 1 for the pIZT/V5-His vector 

map). 
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Figure 2.2. Schemas of four final Naglu gene constructs as inserted into the plasmid vector 

pIZT/V5-His: a) NNSS-Naglu, b) NNSS-Naglu-PTD4, c) NNSS-ΔSNaglu, and 

d) NNSS-ΔSNaglu-PTD4. 

Abbreviations as follows. K: Kozak consensus sequence. NNSS: native Naglu secretion 

signal sequence. XmaI: endogenous XmaI restriction site located after the initial seven base 

pairs of Naglu cDNA. Naglu: wildtype Naglu cDNA sequence. ΔSNaglu: Naglu cDNA 

sequence mutagenized to remove cryptic splice signals. PTD4: synthetically optimized 

protein transduction domain sequence. 

ΔS 

ΔS 
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2.2.2 Cloning and Expression in E. Coli 
 DH5-α E. coli cells (Invitrogen) were transformed with each gene construct as 

follows. Two microliters of the appropriate ligation reaction mixture combined with 50 

µL of DH5-α cells was incubated on ice for 20 min, heat shocked at 42º for 20 sec, and 

placed on ice for a further 2 min. Addition of 950 µL SOC broth was followed by 

incubation for 1–2 hr shaking at 37º. Two LSLB/ZeocinTM plates were prepared for each 

construct, spread with 100 or 200 µL cell culture, and incubated overnight at 37º. Sixteen 

isolated colonies from each transformation were streaked onto LSLB/ZeocinTM master 

plates and grown overnight at 37º. 

 Colonies were screened for the presence of each Naglu construct as follows. The 

sixteen master-plate clones were picked into 5 µL sterile water and denatured at 100º for 

5 min before addition of the colony screening reaction mixture, which contained the 

following: 0.25 mM dNTPs, 10% (v/v) 10x ThermoPol PCR buffer containing MgCl2, 

0.6 µM of each primer (N2.F and N2.R; see Table 2.1), 8% (v/v) DMSO, and ddH2O to 

15 µL. The reaction was run according the touch-down protocol described above. After 

the reaction mixture had reached 94º, 1U of Taq DNA polymerase was added to each 

sample. Samples were analyzed on agarose gels as described previously. 

 Clones that appeared to be positive for the plasmid of interest were prepared using 

a QIAprep Spin Miniprep Kit or a QIAGEN Plasmid Midi Kit according to the 

manufacturer’s instructions. Full-length sequencing analysis was done on each plasmid 

insert to identify mutation-free clones. Sequencing was done by the University of 

Victoria CBR Sequencing Facility (Victoria, BC) and EuroFins MWG Operon 

(Huntsville, AL). Sequence data was analyzed using the BioEdit sequence alignment 

editor and the NCBI Basic Local Alignment Search Tool. 
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2.2.3 Transfection and Selection of Sf9 Insect Cells 

 Before transfection, approximately 6x105 mid-log phase Sf9 cells (Invitrogen) 

were seeded into each well of a 6-well tissue culture plate with 2 mL SFX-InsectTM 

protein-free medium (SFX) and grown to 85–95% confluency. Six µL FuGENE® HD 

transfection reagent was combined with 2 µg plasmid DNA and made up to 106 µL with 

sterile ddH2O, incubated for 22 min at RT, and added to each Sf9 culture. Optimization 

experiments were used to determine the most favourable reagent:DNA ratio. For each 

six-well plate, empty pIZT/V5-His vector DNA was used as a positive control, while a 

mock transfection using ddH2O alone served as a negative control. 

 At 48 hours after transfection, cultures were visualized using an AxioVert 100 

inverted microscope with a DAPI filter, and cycle 3 GFP signal levels were imaged using 

a SPOT RT KE/SE camera. At 48 hours a sample of the culture medium was taken and 

each culture was scaled up to a T25 flask to begin selection. Cultures were allowed to 

attach either one hour or overnight before the addition of SFX containing 0.2 mg/mL 

ZeocinTM. For the Kozak project, cultures were maintained at 0.2 mg/mL. For the NNSS 

project, the concentration of ZeocinTM was increased in a stepwise manner to 1.0 mg/mL 

as follows: once the cultures reached 70-80% confluency, the ZeocinTM concentration 

was increased every three days to 0.5, 0.75, and finally 1.0 mg/mL. For cultures used for 

large-scale expression, selection was maintained at 1.0 mg/mL for at least four passages 

to ensure the stability of the resulting polyclonal cell lines; after four passages, selection 

was reduced and maintained at 0.2 mg/mL. 

2.2.4 Sf9 Cell Growth and Expression 
 All Sf9 cell cultures were maintained in SFX changed every 3–4 days (2 mL per 

well of a 6-well plate, 5 mL per T25 flask, 14 mL per T75 flask) and held at 26º in a non-
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humidified water-jacketed incubator. Cultures were scaled up or passaged when they 

reached 90–100% confluency. Cultures not undergoing selection were passaged by 

splitting one flask into four; cultures undergoing selection at 1.0 mg/mL ZeocinTM were 

passaged by splitting one flask into two. For suspension cultures, ZeocinTM was not used. 

 To generate large-scale suspension cultures, Sf9 adherent cultures were scaled up 

in a stepwise manner until a T175 flask was covered to confluency, at which stage the 

cells were resuspended and made up to 100 mL in a 250 mL unbaffled vented shaker 

flask. Cultures were continuously shaken at 120 rpm, 26–28º. After seven days, 75 mL of 

the small-scale shaker culture was used to seed a 1000 mL unbaffled shaker flask to a 

total volume of 400 mL. The cells were allowed to recover for three days before 

increasing the total culture volume to 500 mL. Cultures were maintained by harvesting 

and replacing approximately 450 mL every 4–7 days, dependent on the level of Naglu 

activity indicated by the fluorogenic assay. Harvested medium was clarified by 

centrifugation at 3000xg and stored at -20º. 

 For the transient expression component of the Kozak project, expression was 

compared between the two constructs in 9.5 cm2 (6-well plate) adherent cell cultures as 

follows. Transfection was performed as previously described to generate duplicates for 

each gene construct (pIZT/WT-Naglu and pIZT/Kozak-Naglu). Cells were visualized at 

48 hours post-transfection to confirm presence of GFP. All cells from each culture were 

harvested at 72 hours post-transfection; the original culture medium was harvested for 

analysis, and the cells were harvested by scraping into 1x PBS before fractionation by 

centrifugation at 3000xg for 5 min. The cell pellet was resuspended in 100 µL 1x PBS; 

the cytoplasmic (“lysate”) fraction was separated from the cell membrane component via 
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three freeze/thaw cycles in liquid nitrogen followed by centrifugation at 14,000xg for 5 

min. GFP fluorescence and Naglu enzyme activity were measured as described below. 

 For the stable expression component of the Kozak project, expression was 

compared between the two constructs in 25 cm2 stably selected adherent cultures as 

follows. For each cell line, a 25 cm2 culture was seeded at 90% confluency, grown in 5 

mL medium until 2 days post-confluency, reduced to 2 mL total volume, and cultured for 

a further 2 days before the cell and medium fractions were separately harvested. Cells 

were separated into two equal fractions before centrifugation at 3000xg for 5 min; one 

cell pellet fraction was resuspended in 200 µL PBS for analysis of cell homogenate, 

while the second fraction was spun down as two cell pellets and stored at -20º for 

eventual genomic DNA extraction. Sf9 cell homogenate was prepared via three liquid 

nitrogen freeze-fracture cycles in PBS. 

 For the transient expression component of the NNSS project, two separate 

experiments were performed. The first examined culture medium samples harvested at 48 

hours post-transfection; secreted Naglu activity was normalized against total protein in 

the culture medium, and ten replicates were generated expressing each of the four 

constructs. The second experiment used culture medium and cell lysate samples 

harvested at 72 hours post-transfection; total Naglu activity in the culture medium 

supernatant was normalized against total GFP fluorescence in the cell lysate, and five 

replicates were generated expressing each of two gene constructs (pIZT/NNSS-Naglu and 

pIZT/NNSS-ΔSNaglu). Naglu enzyme activity, total protein concentration, and GFP 

fluorescence were quantified as described below. 
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 For the stable expression component of the NNSS project, expression was 

analyzed in 25 cm2 adherent cultures and 100 mL suspension cultures. Separate 

transfections were used to generate replicate cell lines, which were stably selected until 

fully confluent at 1.0 mg/mL ZeocinTM then fully passaged at least two times to generate 

stable polyclonal cell lines (to ensure stability for future studies, cultures were fully 

passaged at least four times before being scaled up to shaker cultures or frozen as cell 

stocks). For each cell line, cells from a confluent T75 flask were resuspended in 6 mL 

SFX-Insect medium, from which 1.5 mL was seeded into triplicate T25 flasks and made 

up to approximately 5 mL total culture volume; the cells were allowed to adhere before 

the culture medium was changed to 5 mL fresh medium. At 2 days post-confluency, the 

total culture medium volume was reduced to 2 mL, after which the cells were grown for a 

further 48 h before harvesting. The specific activity levels of medium from each culture 

were calculated using a Bradford protein concentration assay and the Naglu fluorogenic 

activity assay as described below (section 2.2.5). Statistical analysis was performed using 

Minitab® 16. To generate each suspension culture, a confluent T-175 flask was used to 

seed a total volume of 100 mL and maintained shaking at 120 rpm, 24–28º, for four 

weeks in total; samples were taken weekly for enzyme activity quantification. For each 

gene construct examined, two separate cell lines were analyzed. Enzyme activity per 

milliliter of culture medium was determined using the fluorogenic activity assay and the 

average was calculated for each set of duplicates. To determine whether the native Naglu 

signal peptide successfully signaled for secretion of Naglu, cell homogenate and medium 

fractions were harvested from a single culture expressing each construct as previously 
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described for the Kozak project and analyzed using the fluorogenic activity assay, a 

Bradford protein concentration assay, and immunoblotting against Naglu. 

2.2.5 Bradford Protein Concentration, GFP Fluorescence, and Naglu Activity 
Assays 

 Total protein concentration of each sample was measured using a Bradford assay 

as follows. Bio-Rad Protein Assay concentrated dye reagent was diluted to 50% in water. 

In a 96-well plate, 80 µL of reagent was mixed with 120 µL of each sample, incubated 

shaking at RT for 5–20 minutes, and read at 595 nm using a Synergy HT microplate 

reader. Protein concentration was calculated using a BSA standard curve ranging from 0 

to 60 µg/mL. In order to generate values which fell within the linear range of this curve, 

cell culture medium was diluted in SFX to 50% for 48 h transient expression medium 

samples, 10% for five-day stable expression medium samples, and 5% for suspension 

culture medium samples. Cell homogenate samples were diluted to 0.2% in PBS. Crude 

medium prior to HIC purification was diluted to 20% in SFX; post-HIC fractions were 

not diluted. 

 GFP fluorescence was measured in 50 µL of each cell lysate sample using a 

SynergyTM HT microplate reader in conjunction with KC4TM software. The following 

settings were used for the fluorescence readings: excitation 360 ± 40 nm, emission 528 ± 

20, sensitivity 75. A GFP standard curve ranging from 0–30 ng was generated using 

recombinant GFP diluted in untransfected Sf9 cell lysate. 

 An activity assay was run on each sample using the following procedure (Chow 

and Weissmann, 1981; Zhao and Neufeld, 2000): a combination of 25 µL sample and 25 

µL 4-mu-substrate (containing 0.2 mM 4-methylumbelliferyl-N-acetyl-α-D-glucosamide) 

was incubated at 37º for 60 min. After addition of 1.5 mL 0.5 M glycine-NaOH buffer 
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(pH 10.5), the fluorescence of the resulting sample was read using a Novaspec visible 

fluorometer (360 nm narrow band excitation filter, 415 nm sharp cut emission detection 

filter, span fully counter-clockwise). The arbitrary fluorescence units (AFU) generated by 

this assay were converted to units of enzyme activity using a 4-methylumbelliferone 

standard curve.  

2.2.6 RNA Extraction, RT-PCR, and Genomic DNA Analysis 
 Total RNA was extracted using an RNeasy® Mini Kit. Approximately 2 x106 Sf9 

cells expressing either Naglu-PTD4 or ΔSNaglu-PTD4 were harvested from shaker 

cultures and fractionated by centrifugation. The cell pellet was treated with 600 µL of 

lysis buffer (Qiagen buffer RLT with 1% [v/v] β-mercaptoethanol). Homogenization of 

the cell lysate was performed using Qiashredder® columns. RNA extraction from the 

homogenized lysate was performed according to the manufacturer’s instructions, with the 

single modification that the suggested on-column DNase digestion was replaced with a 

post-extraction off-column digestion as follows: 10% (v/v) 10x PCR buffer, 5 mM 

MgCl2, 5.5 Kunitz units RNase-free DNase enzyme, and RNA sample to 20 µL were 

mixed, incubated for 20 min at room temperature, heat inactivated for 5 min at 65º, 

combined with EDTA (to 14 mM), and incubated at 65º for a further 5 min. 

 The DNase-digested RNA was reverse transcribed as follows: 1 µg RNA sample, 

4µL 25 mM dNTPs, and 500 ng Oligo (dT)12-18 primer were made up to 12µL; incubated 

at 65º for 5 min; chilled on ice for 2 min; combined with 4 µL 5x First Strand buffer, 2 

µL 0.1 M DTT, and 1 µL RNaseOUT™; and incubated at 42º for 2 min. To the positive 

samples, 200 U of SuperScript II reverse transcriptase was added; for the negative 

control samples, 1 µL of RNase-free water was substituted. After 50 min incubating at 
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42º, the enzymes were inactivated at 70º for 10 min. The resulting cDNA was stored at -

20º until use.  

 A plasmid containing Naglu-PTD4 was used as a positive control for the PCR 

step. The PCR reaction mixture contained the following: 4 µL DNA template, 0.25 mM 

dNTPs, 10% (v/v) 10x PCR buffer, 3.0 mM MgCl2, 0.6 µM each primer (forward primer 

N2.F, reverse primer N2.R; see Table 2.1), 8% (v/v) DMSO, 1.3 M betaine, 1 U Platinum 

Taq polymerase, and ddH2O to 30 µL. Betaine and DMSO were added to reduce 

secondary structure formation due to the high GC content of the Naglu gene. The reaction 

was run on a GeneAmp thermal cycler as follows: the solution was held at 94º for 2 min, 

then underwent 5 cycles of 94º (0.5 min), 64º (1 min), 74º (2.25 min) and 20 cycles of 94º 

(0.5 min), 62º (1 min), 74º (2.25 min) before a final elongation at 72º for 7 min.  

 Genomic DNA was extracted from frozen Sf9 cell pellets containing 

approximately 2x106 cells using a DNeasy® Blood & Tissue Kit according to the 

manufacturer’s instructions with one modification: the final elution step was done using 

an incubation of 5 min with 50 µL of elution buffer rather than the suggested 1 min with 

200 µL. For amplification of genomic DNA, the PCR reaction was run under the same 

conditions as the RT-PCR described above but with an initial denaturation step of 5 min; 

the reaction mixture was identical save for the amount of template (0.2 µL genomic 

DNA). Samples were analyzed on 1.5% (w/v) agarose gels run in TAE buffer at 50–70 V, 

stained with ethidium bromide, and visualized using the Eagle Eye® II still video system. 

2.2.7 Protein Purification 
 The hydrophobic interaction column used for this study was a 50 mL BioRad 

custom column packed with Phenyl SepharoseTM High Performance matrix by Dr. 
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Francis Choy. A Pharmacia LKB Pump P-500 FPLC system was used to prep the column 

and load the sample; to run the buffer gradients and all elutions, an AKTAprime™ 

chromatographic system was used. All solutions were degassed by filtration through a 

0.2 µm Supor®-200 membrane before application to the FPLC system. Initial loading of 

the sample was performed at 4º, and the sample, the column, and the eluted fractions 

were kept on ice at all times during the purification procedure. 

 Multiple harvests’ worth of frozen medium containing Naglu-PTD4 or 

ΔSNaglu-PTD4 was thawed in a chilled water bath, combined with ammonium sulphate 

to a final concentration of 0.7 M, and shaken on ice for 20 min. At this point the reducing 

agent β-mercaptoethanol was added to 10 mM. The sample was centrifuged at 6000xg for 

30 min before being degassed using a 0.22 µm Steritop® ExpressTM PLUS membrane 

filter. 

 Before loading the sample, the HIC column was first rinsed with six column 

volumes of ddH2O at 250 mL/hr, then equilibrated with three column volumes of HIC 

buffer B (low salt) followed by three column volumes of HIC buffer A (high salt). A total 

volume of 1540 mL of the equilibrated, filtered culture medium sample was loaded onto 

the column at 80 mL/hr. 

 The column was treated with an initial desalting gradient from HIC buffer A (high 

salt) to HIC buffer B (low salt) over 500 mL at 5 mL/min using the AKTAprime™ 

system. This was followed by a second 500 mL gradient from HIC buffer B to ddH2O, a 

200 mL wash in 100% ddH2O, a 400 mL gradient from ddH2O to HIC buffer C (3% 

cholic acid), and finally a 200 mL wash in 100% HIC buffer C. Following the 

purification run, the column was washed with 10 column volumes of ddH2O before 
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storage in 0.02% (w/v) sodium azide. 

 Each fraction collected during the run was tested for Naglu activity. Eluted 

fractions demonstrating significant enzyme activity were pooled in four groups according 

to their measured activity (groups A–D, with A having the highest activity) and 

concentrated using Amicon® Ultra-4 centrifugal filter devices spun at 7500xg. The 

sample was dialyzed with ddH2O until the filtrate showed no precipitation upon addition 

of 1 M HCl, then it was combined with citrate buffer and further concentrated to a final 

volume of 1.5 mL for pooled samples A and B or 1.0 mL for C and D. At this point, 

β-mercaptoethanol was added to 10 mM and the samples were stored at -20º. 

 Naglu activity was measured at each stage using the fluorogenic assay; protein 

concentrations of the initial crude medium and the final concentrated fractions were 

measured using a Bradford assay. 

2.2.8 Protein Detection and Visualization 
 Proteins were visualized using SDS-PAGE followed by silver staining and 

western blotting. For the SDS-PAGE analysis, samples were combined with SDS buffer 

mix at a 3:1 sample:buffer ratio, boiled for 5 min, pH-adjusted with NaOH, and 

centrifuged at 13,000 rpm for 5 min. The entire sample was loaded on a 10% 

polyacrylamide gel run in tris-glycine electrophoresis buffer at 25 mA. Apparent 

molecular weights were calculated relative to a prestained protein ladder (Broad Range 

Protein Standard, NEB) loaded flanking the samples. 

 Proteins were visualized using silver staining as follows. An SDS-PAGE gel was 

heated in silver stain fixative solution using a microwave at high power for 90 sec. The 

fixative was removed and replaced with 50% (v/v) ethanol, which was microwaved for 
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90 sec, removed, and replaced with 0.02% (v/v) sodium thiosulphate pentahydrate, which 

was microwaved for 90 sec. The gel was rinsed in ddH2O at RT for 90 sec before being 

shaken at RT for 20 min in 2 mg/mL silver nitrate. Another 90 sec rinse was followed by 

treatment with silver stain developer solution, shaking at RT until sufficiently developed. 

Five percent (v/v) acetic acid was used to stop the reaction; after incubation for 5 min, the 

gel was rinsed and finally soaked for 30 min in pre-drying solution before being dried 

between cellophane sheets. 

 Proteins were visualized using western blotting as follows. Proteins were 

transferred from the acrylamide gel to a Hybond PVDF membrane using a Mini Trans-

Blot® Cell electrophoretic transfer system in methanol transfer buffer for either 16 hr at 

10 V or 1 hr at 100V. Membranes were blocked with 5% (w/v) skim milk in PBST before 

incubation with the various antibody solutions. When probing against Naglu, a rabbit 

anti-Naglu polyclonal antibody (Dr. Neufeld and Dr. Zhao, UCLA) was applied at a 

1:2500 ratio in PBST and followed by a goat anti-rabbit HRP-conjugated secondary 

antibody (10 µg/mL, Stressgen) applied at 1:5000. When probing against the 

hexahistidine tag, a mouse anti–His tag monoclonal antibody (1 µg/mL, Cedarlane) was 

applied at 1:1000, followed by a goat anti-mouse HRP-conjugated antibody (10 µg/mL, 

Pierce) at 1:1000. After probing for one hour with each antibody, a signal was generated 

by covering the membrane with 500 µL of a 1:1 mixture of SuperSignal® 

chemiluminescent reagents before exposure to Kodak® BioMax film, which was 

developed on a Kodak® X-Omat processor. 

 To strip a PVDF membrane for reprobing, the membrane was rinsed thoroughly at 

least four times in TTBS before a 30 min incubation in PVDF stripping buffer, gently 
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shaken in a waterbath held at 50º. After at least six more TTBS rinses, the membrane was 

blocked in 5% (w/v) skim milk in PBST and the probing procedure was repeated.  

 Deglycosylation of Naglu-PTD4 crude and HIC-purified samples was performed 

as follows. Samples were combined with 10% (v/v) 10x Glycoprotein Denaturation 

buffer to a total volume of 14 µL and heated to 100º for 10 min. This was followed by 

addition of 10% (v/v) 10x G7 Reaction Buffer, 1% (v/v) NP-40, and 1000 U PNGase F to 

a final volume of 20 µL. The reaction mixture was held at 37º for one hour before 

immediate analysis by SDS-PAGE and immunoblotting. 
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3.  Results 

3.1 Creation, Cloning, and Sequencing of Naglu cDNA Constructs 

3.1a Gene Constructs pIZT/Kozak-Naglu and pIZT/WT-Naglu 
 To create two gene constructs for the Kozak project (pIZT/WT-Naglu and 

pIZT/Kozak-Naglu), Naglu cDNA was amplified by PCR using two primer sets: the first 

primer pair was fully complementary and amplified wildtype Naglu, while the second 

primer pair included a mismatch primer for addition of the Kozak sequence. These two 

gene constructs were successfully cloned into the plasmid pIZT/V5-His and transformed 

into DH5-α E. coli cells, as determined by colony PCR using Naglu-specific primers 

(data not shown). Full-length sequence analysis performed on plasmids harvested from 

various colonies resulted in identification of multiple error-free clones for both 

constructs. Purity and size verification of the plasmids containing each error-free clone 

(pIZT/WT-Naglu and pIZT/Kozak-Naglu) may be seen in Figure 3.1. 

3.1b Gene Constructs pIZT/NNSS-Naglu, pIZT/NNSS-Naglu-PTD4, 
pIZT/NNSS-ΔSNaglu, and pIZT/NNSS-ΔSNaglu-PTD4 

 To create the four final gene constructs, cDNA encoding each version of Naglu 

was amplified by PCR, digested at an endogenous internal XmaI restriction site, and 

ligated to DNA encoding the native Naglu secretion signal (NNSS). Success of each 

NNSS ligation reaction was confirmed by PCR amplification using a forward primer 

specific to NNSS and a reverse primer specific to Naglu (results may be seen in Figure 

3.2). Each gene construct was successfully inserted into the vector pIZT/V5-His and 

transformed into DH5-α E. coli cells; successful transformants were identified by colony 

PCR. Full-length sequence analysis was performed on plasmids harvested from various 

colonies, resulting in identification of at least one error-free clone for each construct.  
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Figure 3.1. Purity assessment and size approximation of plasmid preparations of the gene 

constructs pIZT/WT-Naglu and pIZT/Kozak-Naglu.  

 
 Duplicate preparations of each plasmid construct were separately purified from 

DH5-α  E. coli cultures using a QIAprep Spin Miniprep Kit. Expected sizes were 

approximately 5.46 kb for pIZT/WT-Naglu and pIZT/Kozak-Naglu and 3.34 kb for empty 

pIZT/V5-His; however, all plasmid minipreps were undigested, thus were expected to run 

faster than ladder fragments due to supercoiling. The secondary bands seen at 

approximately double the target size most likely indicate dimeric forms of each plasmid.  

 
 Lane contents: (1) 1kb DNA ladder (2) pIZT/V5-His plasmid vector without insert, 

expected size 3.3 kb (3,5) duplicate plasmid minipreps of  pIZT/WT-Naglu (4,6) duplicate 

plasmid minipreps of pIZT/Kozak-Naglu. 
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Figure 3.2. Agarose gel analysis of PCR products confirming successful ligation of native 

Naglu secretion signal DNA to four gene constructs: cDNA encoding Naglu, Naglu-PTD4, 

ΔSNaglu, or ΔSNaglu-PTD4. 

 

Lane contents: (1,13) 1kb DNA ladder (2) pUC Mix Marker 8. Lanes 3–12 contain PCR 

product from reactions using the following templates: (3,4) NNSS-Naglu                           

(5,6) NNSS-Naglu-PTD4 (7) positive control (8) water only (9,10) NNSS-ΔSNaglu (11,12) 

NNSS-ΔSNaglu-PTD4. 

 

PCR products were amplified directly from ligation reaction mixtures using a forward 

primer specific to NNSS and a reverse primer specific to Naglu cDNA. The expected size for 

ligation products was 2.287 kb for constructs without PTD4, 2.320 kb for constructs with 

PTD4. For the PCR positive control template, vector containing NNSS directly followed by 

Naglu reverse primer sequence (IDT) was used (expected product size 0.186 kb; see Figure 

2.1). The small band seen in lanes 3–6 and 9–12 indicates undigested NNSS vector 

remaining in each ligation reaction. 

Ligation product 
expected size 
(~2.3 kb) 

NNSS minigene 
expected size 
(186bp) 
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3.2 Transfection and Selection of Sf9 Insect Cells 
 To generate stable cell lines expressing various Naglu gene constructs, Sf9 cells 

were transfected using plasmid preps complexed with the transfection reagent FuGENE-

HD before selection with the antibiotic ZeocinTM. 

 Optimization experiments suggested a ratio of 6 µL FuGENE-HD to 2 µg plasmid 

DNA as most favourable and also indicated that neither the plasmid preps nor the 

transfection reagent were detrimental to Sf9 culture viability. Transfection trials were 

somewhat successful when using plasmid minipreps eluted with elution buffer (QIAGEN 

buffer EB); however, when plasmid preps were eluted with sterile ddH2O transfections 

were consistently unsuccessful. 

 Success of each transfection trial was determined by microscopic visualization of 

GFP fluorescence using a DAPI filter. GFP signals were observed to be strongest 

between 24 and 96 hours after transfection. After this stage, the signal diminished and 

was no longer visible using this filter. Cell counts on a total of 2440 cells visualized both 

under brightfield and a DAPI filter at 48 hours post-transfection indicated a maximum 

transfection efficiency of 8.6% using empty pIZT/V5-His vector; transfections using 

Naglu cDNA gene constructs appeared much less successful in general (visualization 

indicated both lower overall levels of GFP fluorescence and less numerous fluorescing 

cells). For cells expressing constructs containing the secretion signal, a Naglu activity 

assay was performed on culture medium samples at 48 hours after transfection. The 

activity assay results correlated well with the GFP fluorescence seen; cultures with 

numerous fluorescing cells and stronger GFP signal levels also showed higher levels of 

enzyme activity, while cultures with little or no GFP signal also showed negligible Naglu 

activity and were usually discarded at this stage. 
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 Low culture survival rates were seen during selection. Out of twenty-seven 

successful transfections, only nine individual cell lines survived the selection process 

under initial selection levels  of 0.2 mg/mL ZeocinTM. Of the surviving cell lines, two 

expressed pIZT/Naglu, four expressed pIZT/Naglu-PTD4, and three expressed 

pIZT/ΔSNaglu-PTD4. None of the cultures expressing pIZT/ΔSNaglu survived the 

selection process. It was observed that transfection success rates were highest for cell 

lines expressing pIZT/Naglu-PTD4. 

 In summary, nine polyclonal Sf9 cell lines stably expressing various Naglu gene 

constructs were generated by ZeocinTM selection. 

3.3  Overall Production Levels of Recombinant Naglu Protein 
 After selection, the amount of active recombinant Naglu produced by each cell 

line was quantified by testing the culture medium supernatant for enzyme activity using a 

fluorogenic activity assay. Various Naglu fusion proteins were also visualized by 

immunoblotting.  

 Enzyme activity was determined using a 4-methylumbelliferyl-N-acetyl-α-D-

glucosamide fluorogenic assay. One unit of Naglu activity is defined as the amount which 

releases 1 nmol of 4-methylumbelliferone in one hour (Zhao and Neufeld, 2000). For this 

study, one unit was found to correspond to 500.0 AFU. 

 Enzyme levels in stably selected 25 cm2 adherent cultures ranged between 2.4 

U/mL (a Naglu-PTD4 culture) and 17.6 U/mL (a ΔSNaglu-PTD4 culture). During a 

comparison experiment, cell line expressing pIZT/NNSS-ΔSNaglu-PTD4 in continuous 

shaker culture was measured to produce active enzyme at levels up to 23.2 U/mL, while 

the highest Naglu production measured from a similar culture expressing pIZT/NNSS-
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Naglu-PTD4 was 4.48 U/mL. The highest overall Naglu production was seen in an 

overgrown 100 mL Sf9 suspension culture expressing pIZT/NNSS-ΔSNaglu-PTD4, with 

enzyme levels measured at 72 U/mL. 

 The anti-Naglu primary antibody was not absolutely specific. A non-target band 

of 60–62 kDa apparent molecular weight was consistently seen in crude Sf9 samples, 

including samples harvested from untransfected cultures or cell lines expressing empty 

pIZT/V5-His vector only; culture medium samples generally demonstrated a second non-

target band at approximately 92 kDa, as seen in Figure 3.3. The Naglu-specific band 

showed an apparent molecular weight varying from 66.7 to 69.3 kDa. In order to test the 

glycosylation status of the enzyme, crude medium containing ΔSNaglu-PTD4 was treated 

with PNGase F and probed against Naglu. The apparent molecular weight of the target 

band decreased by approximately 3.3 kDa after treatment with PNGase F (target bands 

seen at 65.3 and 68.6 kDa in treated and untreated samples, respectively; see Figure 3.4). 

 To investigate the effect of PTD4 on Naglu enzyme activity, Sf9 culture medium 

volumes equivalent to 0.05U, 0.10U, and 0.15U of Naglu or Naglu-PTD4 were visualized 

by immunoblotting (Figure 3.5). A strong target band was seen in lanes containing 0.10U 

and 0.15U samples for both Naglu and Naglu-PTD4; however, lanes containing 0.05U 

samples showed no visible banding for either enzyme. Densitometric measurements were 

done on target bands corresponding to 0.10U and 0.15U of each enzyme using ImageJ 

software. In both cases, the Naglu band showed more intense signal than the Naglu-PTD4 

band corresponding to the same enzyme activity. Results from the 0.10U samples 

indicated a band density of 73.6% for Naglu-PTD4 relative to Naglu; results from 0.15U 

indicated the Naglu-PTD4 band at 79.4% as dense as the Naglu band.  
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Figure 3.3. Anti-Naglu immunoblot of cell-clarified culture medium harvested from stably 

selected cell lines. 

Stably selected Sf9 cell lines were grown to four days post-confluency before harvesting. 

Twenty microliters of medium supernatant from each culture was separated on a 10% SDS-

PAGE gel before transfer to PVDF and probing against Naglu. Kodak® BioMax film was 

exposed for 5 min before developing. 

Lane contents: (1) untransfected negative control sample. Lanes 2–5 contain culture 

medium supernatant harvested from Sf9 cultures stably expressing the following gene 

constructs: (2) pIZT/V5-His empty vector (3) pIZT/NNSS-Naglu (4) pIZT/NNSS-Naglu-

PTD4 (5) pIZT/NNSS-ΔSNaglu-PTD4.  

Apparent molecular weight of Naglu-specific band: 66.7 kDa. Apparent molecular weights 

of two nonspecific bands: 61.2 and 92.3 kDa. 
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Figure 3.4. Immunoblot showing results of deglycosylation performed on Naglu-PTD4. 

Crude Sf9 cell medium containing Naglu-PTD4 was treated with N-Glycosidase F (PNGase 

F). Each sample contained 1.2 µg total protein as determined by a bradford assay and 

approximately 0.16 U Naglu as determined by the fluorogenic activity assay. Duplicate 

treated samples were incubated with 500U PNGase F at 37º for one hour before analysis by 

10% SDS-PAGE and immunoblotting against Naglu. Kodak® BioMax film was exposed for 

4 min before developing. 

Lanes 1 and 2 contain duplicate untreated samples (ddH2O substituted for PNGase F in 

deglycosylation protocol); lanes 3 and 4 contain duplicate samples treated with PNGase F 

enzyme. 

Apparent molecular weight of Naglu target band: 68.6 kDa in untreated samples, 65.3 kDa 

in PNGase F–treated samples. 
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Figure 3.5. Anti-Naglu immunoblot comparing Naglu and Naglu-PTD4 samples containing 

defined amounts of active enzyme. 

Stably selected Sf9 cell lines expressing either pIZT/NNSS-Naglu or pIZT/NNSS-Naglu-

PTD4 were grown to four days post-confluency. Three volumes of culture medium from 

each sample, corresponding to defined amounts of enzyme activity, were separated on a 

10% SDS-PAGE gel before probing against Naglu. Kodak® BioMax film was exposed for 5 

min before developing. 

Lane contents: (1) untransfected negative control culture medium sample (2) 0.05U Naglu 

(3) 0.1U Naglu (4) 0.15U Naglu (5) 0.05U Naglu-PTD4 (6) 0.1U Naglu-PTD4 (7) 0.15U 

Naglu-PTD4. 
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 When probing against concentrated culture medium containing Naglu-PTD4, the 

anti-Naglu antibody bound strongly and produced high levels of signal (Figure 3.6A). 

Conversely, the anti-His antibody against the hexahistidine tag showed a strong signal 

when probing samples containing PositopeTM Antibody Control Protein but no signal 

when probing samples containing Naglu (Figure 3.6B). Therefore, the micrograms of 

Naglu per unit of activity could not be estimated by densitrometry as intended. 

3.4 Naglu Expression in Sf9: Kozak Project 
 Sf9 cells were transfected using Naglu gene constructs either excluding 

(pIZT/WT-Naglu) or including (pIZT/Kozak-Naglu) a Kozak translation initiation signal 

sequence. Both transient and stable expression studies were performed in an attempt to 

determine the effect of the Kozak sequence on Naglu expression levels. 

 Triplicate 9.5 cm2 adherent Sf9 cell cultures were transfected using the plasmids 

pIZT/WT-Naglu and pIZT/Kozak-Naglu to generate transient expression data. Cultures 

were harvested at 72 hours post-transfection and assayed for both Naglu activity and GFP 

fluorescence. Results indicated negligible Naglu activity relative to untransfected Sf9 

cells or cultures transfected with pIZT/V5-His vector only (Table 3.1). Although faint 

GFP signal was visible using a DAPI filter, an average of just 10.33 ng and 6.54 ng GFP 

was measured in the total lysate from cultures expressing pIZT/WT-Naglu and 

pIZT/Kozak-Naglu, respectively, whereas total lysates from duplicate 9.5 cm2 Sf9 

cultures expressing empty pIZT/V5-His vector showed an average of 62.17 ng GFP. 

 A single stably selected culture was generated using each of the two Kozak 

project Naglu gene constructs: pIZT/WT-Naglu and pIZT/Kozak-Naglu. At four days 

post-confluency, culture medium and cell pellet fractions were harvested. The specific 
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activities of freeze-fracture cell homogenate and cell-clarified medium fractions were 

calculated and compared to an untransfected Sf9 culture and a cell line stably expressing 

pIZT/V5-His vector only (Table 3.2).  

 Both cell lines (stably expressing pIZT/WT-Naglu or pIZT/Kozak-Naglu) showed 

negligible Naglu activity as compared to untransfected or vector-only cultures; this was 

true for both the cell pellet and supernatant fractions. Genomic DNA extraction and PCR 

amplification with Naglu-specific primers confirmed integration of Naglu cDNA in both 

cell lines (Figure 3.7). 

 In summary, negligible Naglu expression was seen from both Kozak project gene 

constructs. Stably selected Sf9 cells expressing either pIZT/WT-Naglu or pIZT/Kozak-

Naglu clearly demonstrated genomic integration of Naglu cDNA. 

3.5 Naglu Expression in Sf9: Cryptic Splice Site Project 

 3.5a Transient Expression of Various Naglu Gene Constructs in Sf9 
 Two separate experiments were performed to test transient expression levels in 

Sf9 cells. The first examined expression of all four NNSS gene constructs (10 replicates), 

normalizing against total protein present in the culture medium supernatant. The second 

re-examined expression of two NNSS gene constructs with and without cryptic splice 

signals (pIZT/NNSS-Naglu and pIZT/NNSS-ΔSNaglu; 5 replicates), normalizing against 

total GFP fluorescence in the cell lysate. 

 For the first transient expression study, ten separate transfection trials were 

performed using each of the four constructs. Trials were performed on four 9.5 cm2 

cultures at approximately 90% confluency; for each trial, all four cultures were 

transfected simultaneously and under identical conditions save for the plasmid utilized. 

All 40 cultures had visible GFP signal at 48 hours post-transfection, at which timepoint 
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Figure 3.6. Immunoblotting results using primary antibodies against A) Naglu or 

B) hexahistidine.  

SDS-PAGE gel contents were transferred to a PVDF membrane and incubated with the 

appropriate primary and secondary antibodies for one hour. Kodak® BioMax film was 

exposed for 1 min before developing.  

Lane contents: (1,10) Prestained protein marker. (2–5) Naglu-PTD4: Sf9 medium 

containing 0.5, 1.0, 2.0, and 3.0 units of active enzyme, in that order. (6–9) PositopeTM 

Antibody Control Protein: 25, 50, 100, and 200 nanograms of protein, in that order. 

Apparent size of Naglu-specific band: 69.3 kDa. Expected size of PositopeTM control 

protein: 53 kDa. 
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Table 3.1. Transient expression levels of Naglu from cDNA constructs including or omitting 

a Kozak sequence.  

Duplicate Sf9 cells cultures were transfected using two Naglu cDNA constructs: pIZT/WT-

Naglu and pIZT/Kozak-Naglu. Neither gene construct encoded a secretion peptide. Cells 

were harvested at 72 hours post-transfection.  

Total Naglu enzyme activity within freeze-fracture cell lysate was normalized against total 

GFP fluorescence as quantified using a SynergyTM HT microplate reader. A GFP standard 

curve was set up using recombinant GFP diluted in untransfected Sf9 cell lysate. 

Gene construct Total GFP (ng) Enzyme units   
per ng GFP 

Mean enzyme 
units per ng GFP 

5.26 0.121 
pIZT/WT-Naglu 

15.40 0.019 
0.070 

4.64 0.000 
pIZT/Kozak-Naglu 

8.43 0.017 
0.008 
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Table 3.2. Expression levels of Naglu from cDNA constructs including or omitting a Kozak 

consensus sequence in stably selected Sf9 cell lines. 

Sf9 cells were transfected using two Naglu cDNA constructs: pIZT/WT-Naglu and 

pIZT/Kozak-Naglu. Neither gene construct encoded a secretion peptide. Cells were selected 

up to 0.2 mg/mL ZeocinTM and fully passaged. Cultures were grown to 4 days post-

confluency in 2 mL SFX-InsectTM protein-free medium before harvesting and analysis of 

cell-clarified culture medium and freeze-fracture cell homogenate. Control cultures 

included an untransfected Sf9 culture (“cells only”) and a cell line stably expressing 

pIZT/V5-His (“vector only”). 

Specific activity was calculated as units of active enzyme per milligram of total protein 

using the fluorogenic Naglu activity assay and a Bradford protein concentration assay. 

Presence of Naglu cDNA in both cell lines was confirmed by genomic DNA extraction and 

amplification using Naglu-specific primers. 

 

 Cells Only  Vector Only pIZT/WT-
Naglu 

pIZT/Kozak-
Naglu 

Medium U/mg 1.036 1.595 1.727 1.619 

Homogenate U/mg 0.038 0.054 0.046 0.037 
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Figure 3.7. Presence of Naglu cDNA within genomic DNA of stable cell lines expressing 

pIZT/WT-Naglu and pIZT/Kozak-Naglu. 

Stably selected Sf9 cell lines were grown to 4 days post-confluency in SFX-InsectTM protein-

free medium. Total genomic DNA was extracted from cell pellets containing approximately 

2x106 cells using a DNeasy® Blood & Tissue Kit (final elution volume 50 µL) before 

amplification via PCR with Naglu-specific primers.  

Lane contents: (1,6) 1kb DNA ladder. Lanes 2–5 contain PCR product from reactions using 

the following templates: (2) positive control (3) water only (4) genomic DNA extracted from 

Sf9 cell line expressing pIZT/WT-Naglu (5) genomic DNA extracted from Sf9 cell line 

expressing pIZT/Kozak-Naglu. 

Plasmid DNA encoding Naglu-PTD4 was used for the PCR positive control template. 

Expected size of Naglu PCR product: 2160 bp. 
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the culture medium was sampled for specific activity analysis. The level of GFP was too 

low to quantify using a microplate reader without harvesting the whole culture; therefore, 

activity levels were normalized against total protein. The average specific activity for 

cultures expressing pIZT/NNSS-Naglu was 0.1276 U/µg; for pIZT/NNSS-ΔSNaglu, 

0.1219 U/µg; for pIZT/NNSS-Naglu-PTD4, 0.1127 U/µg; and for pIZT/NNSS-ΔSNaglu-

PTD4, 0.1496 U/µg (Figure 3.8; for comprehensive data from all replicates, see 

Supplementary Table 1). Expression analysis was done by paired two-tailed T-testing in 

Minitab® 16. A comparison of cells expressing Naglu versus those expressing ΔSNaglu 

yielded a P-value of 0.560; expression of Naglu-PTD4 versus ΔSNaglu-PTD4 gave a P-

value of 0.028; while expression of Naglu versus Naglu-PTD4 gave a P-value of 0.475. 

 For the second transient expression study, total GFP in the cell lysate was 

compared to total Naglu enzyme activity in the culture medium; five separate transfection 

trials were performed using each of two gene constructs (pIZT/NNSS-Naglu and 

pIZT/NNSS-ΔSNaglu). All cells from each culture were harvested at 72 hours post-

transfection in order to have a quantifiable level of GFP. The average activity for cultures 

expressing wildtype cDNA (pIZT/NNSS-Naglu) was 0.670 U per ng GFP; cultures 

expressing mutagenized cDNA (pIZT/NNSS-ΔSNaglu) had an average of 0.480 U per ng 

GFP (see Figure 3.9; for data from all replicates, see Supplementary Table 2). A two-

sample T-test comparison of cells expressing Naglu versus those expressing ΔSNaglu 

yielded a P-value of 0.133. 

 3.5b Stable Expression of Various Naglu Gene Constructs in Sf9 
 To create stable polyclonal cell lines, Sf9 cells expressing the various Naglu gene 

constructs were taken through selection to 1.0 mg/mL ZeocinTM and fully passaged at 
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Figure 3.8. Average specific activity levels of ten replicate cultures transiently expressing 

four Naglu gene constructs. 

Medium samples were taken from each culture at 48 h post-transfection. Naglu activity was 

measured using the fluorogenic activity assay; protein concentration was measured using a 

Bradford protein assay. Specific activity was calculated as units of active Naglu enzyme per 

microgram of total protein. Error bars indicate standard error. 

Data was analyzed using Minitab® 16 software. Paired two-tailed T-testing yielded P-values 

of 0.560 for Naglu versus ΔSNaglu, 0.028 for Naglu-PTD4 versus ΔSNaglu-PTD4, and 0.475 

for Naglu versus Naglu-PTD4. 
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Figure 3.9. Average Naglu activity levels per nanogram of GFP expressed by five replicate 

cultures transiently expressing either wildtype or mutagenized Naglu gene constructs. 

Five replicate cultures expressing each construct (“wildtype” indicates pIZT/NNSS-Naglu; 

“mutagenized” indicates pIZT/NNSS-ΔSNaglu) were harvested at 72 h post-transfection. 

Total Naglu activity in the culture medium supernatant was normalized against total GFP 

fluorescence in the cell lysate. Naglu activity was measured using the fluorogenic activity 

assay; GFP fluorescence was quantified on a SynergyTM HT microplate reader. Error bars 

indicate standard error. 

Data was analyzed using Minitab® 16 software. Two-sample T-testing yielded a P-value of 

0.133 for Naglu versus ΔSNaglu.  
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least twice before stable expression analysis was performed. Of 27 4-well transfections, 9 

cultures were successfully selected. Duplicate stable polyclonal cell lines were generated 

expressing pIZT/NNSS-Naglu; three cell lines were generated expressing  pIZT/NNSS-

ΔSNaglu-PTD4; and four cell lines were generated expressing pIZT/NNSS-Naglu-PTD4. 

No cell lines expressing pIZT/NNSS-ΔSNaglu survived the selection process. 

 RNA from stably selected polyclonal cell lines was extracted, reverse transcribed, 

and amplified by PCR. RT-PCR products from cell lines expressing Naglu constructs 

with and without two putative cryptic splice sites were compared by agarose gel 

electrophoresis (Figure 3.10). Cells expressing wildtype Naglu cDNA (pIZT/NNSS-

Naglu-PTD4) showed two clear RT-PCR products at approximately 2.2 and 0.42 kb, 

while RNA from cells expressing mutagenized Naglu cDNA (pIZT/NNSS-ΔSNaglu-

PTD4) showed a single strong, clear band at approximately 2.2 kb. 

 Three 25 cm2 adherent cultures (biological replicates) were seeded from each cell 

line. The Naglu activity level and total protein concentration of each culture were 

measured separately (for specific activity of all replicates, see Supplementary Figure 3; 

for raw data, see  

Supplementary Table 3). All biological replicates for each construct were compared 

using Minitab® 16 for statistical analysis (Table 3.3). For the average specific activity for 

each set of replicates, see Figure 3.11. A two-sample T-test indicated P-values of 0.000 

for expression of Naglu-PTD4 versus mutagenized ΔSNaglu-PTD4, while comparison of 

the Naglu-PTD4 fusion protein versus wildtype Naglu yielded a P-value of 0.325. 

 To determine whether the relative expression levels of active Naglu fluctuate 

when cell lines are switched from adherent to suspension culture, cell lines expressing 



 

 

72 
wildtype and mutagenized cultures were scaled up to small-scale shaker cultures. Two 

cell lines were tested for each of three Naglu gene constructs: pIZT/NNSS-Naglu, 

pIZT/NNSS-Naglu-PTD4, and pIZT/NNSS-ΔSNaglu-PTD4. A single cell line stably 

expressing empty pIZT/V5-His vector was also examined. Cultures were maintained in 

continuous suspension culture for a period of four weeks, with sampling done at 7-day 

timepoints. Enzyme activity per milliliter of culture medium was quantified using the 

fluorogenic activity assay; the average enzyme activity measured from each set of 

duplicate cultures is presented in Figure 3.12. Expression maintained a generally constant 

level over the four-week test period, with a peak in ΔSNaglu-PTD4 expression at week 3. 

Negligible enzyme activity was seen in the vector-only culture at all sampling points. 

Expression levels of Naglu and Naglu-PTD4 were comparable at each timepoint, while 

expression of ΔSNaglu-PTD4 was 3.99-fold higher on average than Naglu-PTD4. 

 In summary, stably selected Sf9 cell lines were successfully generated using the 

gene constructs pIZT/NNSS-Naglu, pIZT/NNSS-Naglu-PTD4, and pIZT/NNSS-

ΔSNaglu-PTD4. Data from adherent cultures indicated similar enzyme levels from 

cultures expressing Naglu and Naglu-PTD4 (p = 0.325), while ΔSNaglu-PTD4 was 

expressed at a 3.4-fold higher level (p = 0.000). Expression data from suspension cultures 

showed a similar trend, with mutagenized ΔSNaglu-PTD4 detected at a 3.99-fold higher 

level on average than wildtype Naglu-PTD4. 

 3.6 Effectiveness of the Native Naglu Secretion Signal in Sf9 
 In order to test the functionality of the native Naglu secretion peptide in the Sf9 

system, the specific activities of cell homogenate and cell-clarified medium fractions 

from various stably selected cell lines were compared. A single cell line expressing each 
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Figure 3.10. Reverse transcription PCR demonstrates absence of the putative splice product 

in mRNA from Sf9 cells stably expressing mutagenized Naglu cDNA.  

Lane contents: (1,8) MassRulerTM DNA ladder (2) PCR positive control (3) PCR negative 

control (4) pIZT/NNSS-Naglu-PTD4 RT-PCR product (5) pIZT/NNSS-Naglu-PTD4 reverse 

transcription negative control (6) pIZT/NNSS-ΔSNaglu-PTD4 RT-PCR product                  

(7) pIZT/NNSS-ΔSNaglu-PTD4 reverse transcription negative control. 

Total RNA was harvested from Sf9 cell lines expressing pIZT/NNSS-Naglu-PTD4 and 

pIZT/NNSS-ΔSNaglu-PTD4. After reverse transcription, the resulting cDNA was used as 

template for a touch-down PCR. RT negative controls contained equivalent amounts of 

RNA but were not treated with reverse transcriptase; lack of PCR product in these samples 

indicates absence of genomic DNA contamination in RNA samples. The PCR positive 

control was plasmid DNA containing pIZT/NNSS-Naglu-PTD4. 

Expected size of the full-length Naglu PCR product was 2160 bp. Expected size of the 

putative cryptic splice product was 426 bp. 
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Table 3.3. Statistical analysis of biological replicates generated from stable cell lines 

expressing three different Naglu gene constructs. 

Each cell line was separately transfected and selected until completion of at least two full 

passages at 1 mg/mL ZeocinTM. Cell lines expressing each construct were split into triplicate 

cultures that were individually analyzed. 

Medium samples were harvested from 25 cm2 adherent cultures grown in 2 mL 

SFX-InsectTM protein-free medium at 4 days post-confluency. Naglu activity was measured 

using the fluorogenic activity assay; protein concentration was measured using a Bradford 

protein assay. Specific activity was calculated as units of active Naglu enzyme per milligram 

of total protein. Specific activity data was analyzed using Minitab® 16 statistical software. 

 

Cell Line Replicates 
Generated 

Average Specific 
Activity (U/mg) 

Standard 
Deviation 

Standard 
Error 

Vector Only 6 1.48 0.20 0.08 

Naglu 6 26.83 13.09 5.34 

Naglu-PTD4 12 20.33 10.88 3.14 

ΔSNaglu-PTD4  9 69.90 25.33 8.44 
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Figure 3.11. Average specific activity levels of biological replicates generated from nine cell 

lines stably expressing Naglu gene constructs. 

Each cell line was separately transfected and selected until completion of at least two full 

passages at 1 mg/mL ZeocinTM. Cell lines expressing each construct were split into triplicate 

cultures that were individually analyzed; for Naglu a total of six replicates were generated, 

for Naglu-PTD4 twelve replicates, and for ΔSNaglu-PTD4 nine replicates were generated. 

Specific activity values indicated here were the average measured from all replicates. Error 

bars indicate standard error. 

Medium samples were harvested from 25 cm2 adherent cultures grown in 2 mL 

SFX-InsectTM protein-free medium at 4 days post-confluency. Naglu activity was measured 

using the fluorogenic activity assay; protein concentration was measured using a Bradford 

protein assay. Specific activity was calculated as units of active Naglu enzyme per milligram 

of total protein. 
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Figure 3.12. Naglu activity of various stably selected Sf9 cell lines maintained in suspension 

culture for four weeks. 

For each gene construct (pIZT/NNSS-Naglu, pIZT/NNSS-Naglu-PTD4, and pIZT/NNSS-

ΔSNaglu-PTD4), two different cell lines were used to seed 250 mL shaker flasks to a total 

volume of 100 mL. Cultures were maintained at 120 rpm, 24–28º, for four weeks; 0.5 mL 

samples were taken at each 7-day timepoint. Naglu enzyme activity was quantified using the 

fluorogenic activity assay. 

Values shown here indicate the average measured activity from the duplicate cell lines. 

Error bars indicate standard error.  
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construct was analyzed at four days post-confluency. Measured enzyme activity values 

were blanked against samples harvested from an untransfected negative control culture. 

Due to the high level of protein present in both sample types, specific activity was 

calculated per milligram of total protein. 

 As measured by the Naglu activity assay, a vector-only culture medium sample 

showed the same level of 4-mu fluorescence as the untransfected control; a low level of 

fluorescence was measured in vector-only cell homogenate (equivalent to 0.013 U/mg). 

Specific activities of the Naglu-expressing culture were measured at 0.100 U/mg in cell 

homogenate and 13.490 U/mg in culture medium. The Naglu-PTD4 culture showed 

specific activities of 0.146 U/mg and 13.493 U/mg in homogenate and medium samples, 

respectively. ΔSNaglu-PTD4 cells demonstrated the highest specific activities in both 

sample types: 1.551 U/mg in cell homogenate and 74.788 U/mg in culture medium. 

 For visual confirmation of Naglu secretion, anti-Naglu immunoblots were 

compared between cell-clarified culture medium and cell homogenate samples (Figure 

3.13). Analysis was performed according to the protocol of Pfeifer et al. (2001) with one 

modification: twice the volume of culture medium was used due to a lower level of 

overall protein expression. In this case, the twenty-microliter culture medium samples 

examined were equivalent to between 3.0 and 4.6 µg. Results indicate target banding of 

approximately equal density in medium harvested from Naglu and Naglu-PTD4 cultures, 

with significantly stronger target signal seen from ΔSNaglu-PTD4 cultures. All 20 µL 

medium samples, including cells-only and vector-only control samples, showed two 

nonspecific bands at approximately 60 and 92 kDa. No target band was seen in any 10 µg 

cell homogenate sample, although overexposure of the film did suggest an extremely 
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Table 3.4. Recognition of the native Naglu secretion signal: Specific activity of culture 

medium and cell homogenate harvested from stably selected cell lines.  

Stably selected Sf9 cell lines were grown to four days post-confluency before harvesting. 

Enzyme activity levels of cell-clarified culture medium and freeze-fracture cell homogenate 

were measured using the fluorogenic Naglu activity assay; total protein was measured using 

a Bradford assay.  

For this analysis, activity levels were blanked against untransfected Sf9 control culture 

medium and cell homogenate. Due to high overall protein levels, specific activity was 

calculated as units of active enzyme per milligram of total protein. 

 

 Vector-Only Naglu Naglu-PTD4 ΔSNaglu-PTD4  

Medium 
U/mg 0.000 13.490 13.493 74.788 

Homogenate 
U/mg 0.013 0.100 0.146 1.551 

Fold 
difference — 135.5 92.6 48.2 
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Figure 3.13. Recognition of the native Naglu secretion signal: Anti-Naglu immunoblots of A) 

cell homogenate or B) cell-clarified culture medium harvested from stably selected cell lines. 

Stably selected Sf9 cell lines were grown to four days post-confluency before harvesting and 

separation of cells and medium. Analysis was performed based on the protocol of Pfeifer et 

al. (2001): 20 µL of cell-clarified medium or 10 µg of cell homogenate was separated using 

10% SDS-PAGE before probing against Naglu. Samples were flanked by lanes containing a 

prestained protein marker for molecular weight determination (not shown). Film was 

exposed for 2 min before developing. 

Lane contents: (1) Untransfected negative control sample. Lanes 2–5 contain medium 

samples from cultures stably expressing the following plasmids: (2) pIZT/V5-His empty 

vector (3) pIZT/NNSS-Naglu (4) pIZT/NNSS-Naglu-PTD4 (5) pIZT/NNSS-ΔSNaglu-PTD4. 
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faint target band in the ΔSNaglu-PTD4 sample. For cell homogenate samples, a 

nonspecific band at approximately 60 kDa was seen in all lanes including cells-only and 

vector-only controls. 

 In summary, specific activity of cell homogenate and medium supernatant 

samples from stably selected cell lines expressing Naglu, Naglu-PTD4, or ΔSNaglu-

PTD4 indicated low levels of Naglu within the cell pellet relative to the culture medium. 

Immunoblotting results demonstrated presence of Naglu within medium samples, while 

no Naglu target band was seen in any cell homogenate sample. 

3.7 Purification Trial (Phenyl SepharoseTM Hydrophobic Interaction 
Column) 

 Medium containing active Naglu-PTD4 was harvested from continuous shaker 

cultures and purified using hydrophobic interaction chromatography on an FPLC system.  

 The sample was equilibrated with 0.7 M ammonium sulphate before application 

to a custom-packed Phenyl SepharoseTM column. Naglu-PTD4 was seen to elute from the 

column only during the final wash with detergent solution (3% cholic acid); all 

previously eluted fractions contained negligible activity. Elution occurred over a total 

volume of 123.5 mL, with nineteen 6.5 mL fractions measured to have significant 

enzyme activity (above 7 U/mL). The final partially purified fractions were pooled in 

four groups. Group A had the highest demonstrated activity, with four eluted fractions 

ranging from 64.7 to 102.3 U/mL; group B consisted of four fractions between 37.1 and 

48.4 U/mL; group C comprised five fractions between 29.8 and 32.5 U/mL; group D had 

the lowest overall activity, with six fractions ranging from 7.2 to 19.0 U/mL. For the total 

enzyme activity levels of the four groups, see Table 3.5. 
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 Relative to the equilibrated crude medium which was applied to the column, 

group A contained 25.75% of the total active Naglu enzyme; group B contained 14.09%; 

group C contained 12.59%; and group D contained 6.12%, for an overall recovery of 

58.55%. Each group of pooled fractions was concentrated by centrifugation. After 

concentration, only 11.44% of the total enzyme activity was recovered from group A, 

20.14% from group B, 3.65% from group C, and 1.61% from group D, for a total loss of 

89.16% during this step alone (see Table 3.6). The overall yield of total active enzyme 

after the entire HIC purification process, including the post-purification concentration 

step, was 6.34% (Table 3.5). 

 Each group of pooled eluted fractions was analyzed by SDS-PAGE followed by 

silver staining and immunoblotting against Naglu (Figure 3.14). The immunoblot showed 

two non-specific bands (the aforementioned 60 and 92 kDa endogenous Sf9 proteins) in 

crude samples. A single distinct band at approximately 68.9 kDa was present in the first 

three groups of purified fractions; nothing was visible in group D. For groups A and B, 

the 68.9 kDa target band on the anti-Naglu immunoblot corresponded to a clear band 

seen on the silver stain. 

 As can be seen in Figure 3.14A, Naglu-PTD4 was not purified to homogeneity 

using this method. All four groups of HIC-purified fractions indicated multiple bands 

when visualized by silver staining. For groups C and D, only non-target protein species 

were observed by silver staining. However, for groups A and B a target band was seen to 

be stronger than the majority of the nonspecific banding, with only three non-target 

species present at a comparable or higher level. 
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Table 3.5. Yield of total active Naglu throughout the HIC purification process.  

One enzyme unit corresponds to 500.0 arbitrary fluorescence units as measured by the 

fluorogenic Naglu activity assay. Percent recovery was calculated relative to equilibrated 

crude medium. For pooled eluted fractions in groups A–D, the total enzyme units were 

calculated for each individual fraction and summed. 

 

Sample Volume (mL) Total Enzyme Units Percent Recovery 

Equilibrated Crude 
Medium 

1540 8131.2 — 

Post-Binding Filtrate 1540 862.4 89.39 

Group A Fractions 26.0 2094.0 25.75 

Group B Fractions 26.0 1145.6 14.09 

Group C Fractions 32.5 1023.4 12.59 

Group D Fractions 39.0 497.6 6.12 

Total Eluted 
Fractions 123.5 4760.6 58.55 

Total Concentrated 
Fractions 

5.0 515.84 6.34 
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Table 3.6. Yield of total active Naglu in each group of pooled HIC-eluted fractions after the 

post-purification concentration step.  

 
One enzyme unit corresponds to 500.0 arbitrary fluorescence units as measured by the 

fluorogenic Naglu activity assay. Percent recovery was calculated relative to the 

pre-concentration purified samples, thus takes into account the concentration step only. For 

percent recovery of the complete HIC procedure, see Table 3.5. 

 

Eluted 
Fractions 

Total Enzyme Units 
Pre-Concentration 

Total Enzyme Units 
Post-Concentration 

Concentration Step 
Percent Recovery  

Group A 2094.04 239.64 11.44 

Group B 1145.56 230.76 20.14 

Group C 1023.36 37.44 3.65 

Group D 497.64 8.00 1.61 

Total 4760.6 515.84 10.84 
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Figure 3.14. SDS-PAGE gels visualizing results of HIC purification by A) silver staining or 

(B) immunoblotting against Naglu. 

Culture medium harvested from Sf9 cells expressing Naglu-PTD4 was partially purified 

using a Phenyl SepharoseTM HIC column. Ten percent polyacrylamide gels were loaded 

with 21 µL of each sample. For the immunoblot, Kodak® BioMax film was exposed for 2 

min before developing.  

Lane contents: (1,10) Prestained protein marker (2) crude medium (3) crude medium after 

equilibration with 0.7 M ammonium sulphate (4) post-binding filtrate (5) Hyclone® SFX-

Insect protein-free medium (6–9) high activity eluted fractions (pooled and Amicon®-

concentrated) groups A–D, in that order.  

Apparent size of Naglu in purified sample: 68.9 kDa. 
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 The initial specific activity in the crude equilibrated medium was measured at 

0.045 U/µg. After HIC purification, the specific activity was 11.166 U/µg for group A, 

7.728 U/µg for group B, 5.379 U/µg for group C, and 1.606 U/µg for group D (see Table 

3.7). For group A, this indicates a 248-fold increase in specific activity; for group B, 

172-fold; for group C, 120-fold; and for group D, 36-fold. 

 In summary, Naglu-PTD4 was partially purified using an FPLC system in 

conjunction with a Phenyl SepharoseTM hydrophobic interaction column. The eluted 

fractions containing the highest enzyme activity were concentrated and analyzed in four 

groups, according to their activity. Immunoblotting confirmed presence of Naglu in three 

of the four concentrated samples. Silver staining indicated three or four protein species 

present at a similar level to Naglu in purified fractions. The yield of the HIC protocol was 

58.55%; including the post-HIC concentration step, the yield fell to 6.34%. The highest-

activity group was found to increase in specific activity 248-fold post-purification; the 

specific activities of the other three groups were found to increase 172-fold, 120-fold, and 

36-fold (groups B, C, and D, respectively). 
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Table 3.7. Naglu specific activity before and after HIC purification.  

 
One enzyme unit corresponds to 500.0 arbitrary fluorescence units as measured by the 

fluorogenic Naglu activity assay. Specific activity was calculated as units of active Naglu per 

microgram of total protein as measured by the Bradford protein concentration assay. 

 

Sample Total Enzyme 
Units 

Specific Activity 
(U/µg) 

Fold Increase in 
Specific Activity 

Equilibrated Crude 
Medium 

8131.2 0.045 — 

Group A  239.64 11.166 248 

Group B  230.76 7.728 172 

Group C  37.44 5.379 120 

Group D  8.00 1.606 36 
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4.  Discussion 

4.1 Transfection and Selection of Sf9 Insect Cells 
 To generate stable cell lines expressing various Naglu gene constructs, Sf9 cells 

were transfected using plasmid preps complexed with the transfection reagent FuGENE-

HD before selection with the antibiotic ZeocinTM. 

 Transfection trials were generally unsuccessful using plasmid minipreps that had 

been eluted with sterile ddH2O. However, using plasmid preps eluted with QIAGEN 

buffer EB (10 mM Tris-Cl, pH 8.5; QIAGEN, 2011), Sf9 cultures were successfully 

transfected. Although for most transfection reagents it is critical to form reagent-DNA 

complexes in salt solution or basal medium, FuGENE® HD is the exception in that it 

should allow formation of complexes in serum-free medium or water (Roche Diagnostics, 

2006). The manufacturer’s protocol specifically suggests transfecting insect cell cultures 

using deionized water alone. However, the observed necessity for a certain amount of 

Tris-Cl buffer in the transfection solution indicates that a salt component is required for 

successful reagent-DNA complex formation. 

 GFP signals were seen to be strongest between 24 and 96 hours after transfection 

due to the high copy number of the plasmid within transfected cells, and at this stage 

fluorescence could be easily visualized using a DAPI filter. The signal weakened after 96 

hours as integration of the transgenes occurred and plasmids were diluted out of the cells. 

No signal was visible in any cultures after this stage, including stably transformed cell 

lines. For the initial transfection trials, all cultures were taken through selection 

regardless of activity assay and GFP fluorescence results at 48 hours. However, it was 

found that cultures with negligible Naglu activity and GFP signal at 48 hours did not 
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survive under ZeocinTM selection, suggesting that these two assays are reliable indicators 

of transfection efficiency. Therefore, for the majority of the transfection trials, cultures 

with no detectable Naglu activity or GFP signal were discarded after 48 hours. 

 After selection, stably transformed cell lines are composed of cells with multiple 

copy integration of the vector (Invitrogen Life Technologies, 2002a). However, GFP 

signal levels from these multiple copy integrants were insufficient for visualization using 

a DAPI filter. The excitation and emission values for this filter were 359nm and 461nm, 

respectively, while the cycle 3 GFP encoded by pIZT/V5-His fluoresces optimally when 

excited at 395nm, with a maximum emission peak at 507nm. This 36nm difference in 

excitation wavelength likely prevents visualization of low signal levels.  

 Expression from the GFP reporter gene was visualized at 48 hours post-

transfection for determination of overall transfection success as well as a rough 

estimation of transfection efficiency; these are the two functions for which it was 

intended (Invitrogen Life Technologies, 2002a). However, for those cultures which were 

intended for generation of stable cell lines, the transfection efficiency could not be 

absolutely quantified using the GFP signal at this time point. In order to obtain a high 

enough density of cells for a measurable GFP signal it was necessary to harvest more 

than 50% of the total cells from each culture. Not only would this significantly reduce the 

number of viable cells, thereby increasing the chance of losing the cell line during the 

selection process, but it would also yield unreliable data due to the heterogenous nature 

of each culture. Thus it was deemed necessary to perform a separate experiment to take 

GFP expression into account. For this second transient expression experiment, the total 
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cells from each 9.5 cm2 transfected Sf9 culture were harvested in order to have a 

quantifiable level of GFP expression.  

 It was initially thought that GFP signals from stably selected polyclonal cell lines 

would be quantifiable since a large number of cells could be harvested from stable 

cultures. If quantified, GFP fluorescence could be used as a standard against which Naglu 

activity levels of cell lysates could be normalized to generate an estimate of the selection 

efficiency of stable cell lines. There is a possibility that stably selected cell lines may not 

be composed solely of multiple integrants; satellites or otherwise resistant cells may 

persist in the culture and could potentially outcompete cells expressing the transgene. 

This is unlikely to have occurred here due to the high levels of selection utilized and the 

numerous passages undergone by each culture. Still, stable cell lines demonstrate diverse 

levels of transgene expression due to their polyclonal nature and variation in integration 

number of the plasmid. It was hoped that the level of GFP signal would provide an 

indication both of the selection efficiency and of the integration levels of each culture. 

However, this was not possible due to the low level of GFP expression in stably selected 

cell lines; the levels of signal were unable to be quantified using a SynergyTM HT 

microplate reader. It has been reported that although the use of a microplate reader can be 

valuable for indicating presence or absence of GFP signal, this system is less effective 

than simple visualization for estimating relative fluorescence intensities (de Silva et al., 

2009). Instead, replicate cultures were investigated and an especially high level of 

antibiotic selection was utilized in an attempt to control for copy number variation 

between cell lines. 



 

 

90 
 Although the author was disappointed to find the GFP signal too faint for 

quantification in stably selected cell lines, the relatively low expression of the 

ZeocinTM/GFP fusion gene was one of the reasons this vector system was selected. In the 

plasmid vector pIZT/V5-His, the ZeocinTM/GFP gene is driven by the weak promoter 

OpIE1, whereas expression of the inserted transgene is driven 5–10 times more strongly 

by the promoter OpIE2 (Invitrogen Life Technologies, 2002a). It was hoped this would 

enhance expression of Naglu by minimizing competition for transcription machinery with 

ZeocinTM/GFP. Therefore, a low overall level of GFP fluorescence in successfully 

transformed cultures was not an unanticipated result. 

 Culture survival rates during selection were extremely low, with only 9 cultures 

surviving from a total of twenty-seven successful transfections. A disadvantageous 

characteristic of Sf9 cell cultures is their inability to survive at low confluency levels. 

Thus it is nearly impossible to produce monoclonal cultures of Sf9 cells. Culture densities 

lower than 20% are known to inhibit growth (Invitrogen Life Technologies, 2002b), and 

in the author’s experience maintenance at low cell densities causes not only low cell 

growth and viability but also high mortality rates. The majority of cultures experienced 

dramatic cell death shortly after commencing selection, and it is likely that in many plates 

the few successfully transfected cells were simply at too low a density to survive without 

their untransfected neighbours. Even cultures demonstrating high levels of Naglu activity 

and GFP fluorescence often completely died off during the first phase of selection. Each 

of the 40 cultures analyzed for the first transient transfection study did show strong GFP 

signal at 48 hours post-transfection, yet from those cultures only four cell lines survived 

selection (the other five surviving cultures resulted from transfections not used for 
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transient expression analysis); therefore, the problematic step was not transportation of 

the plasmid into the cells but rather integration of the gene construct into the genome. 

 Cultures transfected with the pIZT/NNSS-Naglu-PTD4 construct showed 

consistently higher levels of GFP fluorescence and Naglu activity and were also more 

likely to survive the selection process. It is probable that the high transfection efficiency 

demonstrated by this construct allowed for generation of more numerous multiple 

integrants containing higher copy numbers of the ZeocinTM/GFP resistance gene, 

allowing more cells to survive the initial stages of selection thus greatly increasing the 

likelihood that the culture would survive. Initially it was hypothesized that the addition of 

the PTD4 DNA sequence might be somehow enhancing the transfection process, perhaps 

via interactions with the lipid reagent; however, cultures expressing pIZT/NNSS-

ΔSNaglu-PTD4 showed similarly low transfection levels and survival rates to those 

expressing pIZT/NNSS-Naglu without PTD4. The specific characteristic affecting the 

transfection efficiency was not inherent to an individual plasmid preparation of 

pIZT/NNSS-Naglu-PTD4, since numerous separately prepared minipreps and midipreps 

were used for multiple transfections and this trend was consistently seen. It may simply 

be that the quality of the DH5-α cell stocks from which the pIZT/NNSS-Naglu-PTD4 

plasmid was purified was slightly higher than that of the other clones. 

4.2 Overall Production Levels of Recombinant Naglu 
 The highest overall reading of active recombinant Naglu seen during this project 

was measured in a small-scale suspension culture expressing pIZT/NNSS-ΔSNaglu-

PTD4, which demonstrated 72 U/mL enzyme activity (2.1 µg/mL). To attain this level of 



 

 

92 
expression, this culture had been highly overgrown; average harvests from other 

suspension cultures ranged between 25 and 36 U/mL (0.7–1.0 µg/mL). 

 A Naglu-PTD protein previously expressed by our laboratory was estimated to 

have 48 units of activity per microgram as determined by silver staining and density 

measurements of purified Naglu-PTD relative to a BSA standard. However, this enzyme 

was significantly different from the current Naglu-PTD4 in that it was fused to a large 

cellulose-binding domain of approximately 20 kDa (Bandsmer, 2004). Recombinant 

human Naglu expressed in a Chinese hamster ovary (CHO) cell line showed a specific 

activity of 35 U per microgram when purified to apparent homogeneity (Zhao and 

Neufeld, 2000). Since this protein product was more similar in size to the enzyme 

discussed herein, the 35 U/µg value was used for all estimates of Naglu expression levels. 

 Other studies expressing a human enzyme using the Sf9 cell system have 

demonstrated high levels of protein production—for example, a modified Factor X 

protein has been expressed at levels of up to 18 µg/mL in stably transformed Sf9 cells 

(Pfeifer et al., 2001). However, Naglu is much larger than Factor X and therefore is 

expected to be expressed at a lower level. Also, Naglu appears to have some inherent 

property that prevents high levels of protein production; CHO-K1 cells expressing 

recombinant human Naglu were found to yield one microgram of active enzyme per 

milliliter of culture medium per day, whereas another lysosomal enzyme (α-glucosidase) 

was expressed at 9 µg/mL/day using the same system (Weber, 2001). 

 Naglu has been previously expressed in the Sf9 system by our laboratory using 

the vector p2ZoptcxF (Bandsmer, 2004) with levels of active enzyme found to be 

between 0.129 and 0.210 µg/mL for various cell lines (calculated based on the 
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assumption that 1 µg is equivalent to 48 U of activity). The pIZT/V5-His vector used for 

this project should have facilitated higher protein production, since the expression levels 

driven by the OpIE2 promoter are expected to range between one and ten micrograms of 

protein per milliliter of Sf9 cell medium (Invitrogen Life Technologies, 2002a). The 

highest levels of active enzyme measured during this project were seen in an overgrown 

small-scale suspension culture expressing pIZT/NNSS-ΔSNaglu-PTD4 that yielded up to 

2.06 µg/mL; this is well within the range expected expected from the OpIE2 promoter 

and represents a 10-fold improvement over the previous system (Bandsmer, 2004). 

 The author had intended to estimate the amount of Naglu per unit of activity using 

densitrometry to compare immunoblot banding intensity against the PositopeTM Antibody 

Control Protein. The multiple cloning site of the pIZT/V5-His vector contains sequence 

encoding a hexahistidine tag, which is intended for future purification of the protein of 

interest via nickel affinity chromatography; this should also allow visualization by 

immunoblot when probing with an anti-His antibody. PositopeTM also contains a 

hexahistidine tag and may be used as a densitrometry standard. However, when probed 

with an anti-His primary antibody, Naglu samples showed no signal, as can be seen in 

Figure 3.6. It is unlikely that this is simply due low antibody affinity, since a strong 

signal is seen in lanes containing even a small amount of the anti-His control and since 

film exposed up to 40 minutes still detected a complete lack of signal in lanes containing 

Naglu. This suggests that the His tag has been lost from the enzyme in some way. 

Previous work in our laboratory expressed a Naglu-hexahistidine fusion protein with the 

intent to purify Naglu using nickel ion affinity chromatography (Crawford, 2007; Nolla, 

2007). However, when applied to the nickel column a complete lack of binding was 
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observed. This was thought to be a consequence of the low levels of protein expression 

experienced at that time, and follow-up studies were not done since this protocol was 

found inappropriate for Naglu purification due to the prohibitively high pH required for 

application to the nickel column. However, it was also suggested that the hexahistidine 

tag may have been either removed from the enzyme via proteolytic degradation or 

partially folded within its tertiary structure (Crawford, 2007). This now seems the more 

likely explanation, since in the current project Naglu was produced at a relatively high 

level yet still failed to bind the anti-His antibody. 

 When probing against Naglu, immunoblots of crude culture medium showed 

either one or two non-target bands (Figure 3.14B, Figure 3.6A). Non-target signals have 

been consistently experienced by previous lab members working with Naglu in Sf9 cell 

culture (Bandsmer, 2004; Crawford, 2007; Nolla, 2007). The larger band has an apparent 

size of 92 kDa, while the smaller band appears at approximately 60 kDa; both are 

hypothesized to be non-specific protein endogenous to Sf9 cells and were not observed in 

HIC-purified fractions. The 60 kDa band was seen in all Sf9 cell homogenate samples, 

including those harvested from untransfected and vector-only cultures (Figure 3.13A), as 

well as most culture medium samples (Figure 3.3, Figure 3.6A, Figure 3.14B). Additional 

evidence for the non-specific nature of this band was seen when serum from a non-

immunized rabbit of the same strain used to produce the anti-Naglu antibody was used as 

a primary solution to probe vector-only control Sf9 cell lysates, as well as lysates of cells 

expressing Naglu; an approximately 60 kDa band was seen in all samples (Crawford, 

2007). The 92 kDa band was generally seen in culture medium samples, including cells-
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only and vector-only control samples (Figure 3.3, Figure 3.14B); this band has not been 

previously reported, unless it was mistakenly identified as the Naglu target. 

 Previous studies have indicated an apparent size of Naglu at 80–85 kDa. 

However, the Naglu-specific band seen by immunoblotting showed an apparent 

molecular weight of approximately 66–70 kDa (Figure 3.3). One possible explanation for 

this size discrepancy is that the protein was incorrectly glycosylated by the Sf9 system. 

Although the exact glycosylation pattern of native Naglu has not been determined, the 

enzyme is known to have seven potential N-glycosylation sites (Weber et al., 1996; 

Weber et al., 2001; Zhao et al., 1996).  

 In order to test the enzyme’s glycosylation status, crude medium samples were 

treated with N-glycosidase F to cleave the glycan chains from any N-glycosylation sites. 

An apparent size difference of 3.3 kDa was seen between crude treated and untreated 

samples when visualized by immunoblotting against Naglu: the target band decreased 

from 68.6 kDa to 65.3 kDa (Figure 3.4). According to Weber et al. (2001), 

deglycosylation of Naglu produced by CHO-K1 cells resulted in a decrease of 7–10 kDa 

in apparent molecular weight. However, the N-glycan chains synthesized by Sf9 cells are 

known to differ considerably from those of a mammalian expression system; insect cells 

generally do not extend the glycan structure beyond a paucimannose core (Kost et al., 

2005), therefore insect N-glycans are of a lower average molecular weight than 

mammalian N-glycans. 

 The deglycosylated protein core of Naglu should be approximately 70 kDa in size 

(Weber et al., 2001); in this case it was found to be slightly smaller, at 65.3 kDa. 

However, this size discrepancy is most likely an artifact of the SDS-PAGE system. As a 
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membrane-associated protein, Naglu is extremely hydrophobic. Proteins with a high 

proportion of hydrophobic residues have a tendency to bind more detergent moieties, and 

it has been shown that membrane proteins may bind up to twice the amount of SDS as 

globular proteins (Rath et al., 2009). The resulting increase in charge-to-mass ratio may 

cause inconsistent relative mobilities and therefore aberrantly low molecular weight 

determination. Also, a previous study found that the apparent molecular weight of a BSA 

standard as determined by the SDS-PAGE system fluctuated up to 7% from the known 

value (Bandsmer, 2004). A decrease from 70 kDa to 65.3 kDa would be within this range 

since it corresponds to 6.7% of the total molecular weight. 

 To investigate the effect of PTD4 on Naglu enzyme activity, medium containing 

Naglu or Naglu-PTD4 was visualized by immunoblotting against Naglu (Figure 3.5). 

Densitometric measurements were done on bands corresponding to 0.10U and 0.15U of 

each enzyme using ImageJ software. The Naglu band showed more intense signal than 

the Naglu-PTD4 band corresponding to the same enzyme activity: the Naglu-PTD4 bands 

for 0.10U and 0.15U had measured densities of 73.6% and 79.4%, respectively, relative 

to the corresponding Naglu bands. This indicates that Naglu-PTD4 had 1.26–1.36 times 

higher enzyme activity than wildtype Naglu for the same amount of protein, suggesting 

that addition of PTD4 has an enhancing effect on Naglu activity. If this is the case, then 

PTD4 may have a slightly detrimental effect on the expression of Naglu by Sf9 cells, 

since no statistically significant difference in overall enzyme activity levels was found 

between stable cell lines expressing Naglu with and without PTD4.  

 A previous study found that the addition of the wildtype Tat-PTD seemed to 

increase Naglu activity (Bandsmer, 2004). Tat-PTD has been shown to bind heparan 
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sulphate, Naglu’s natural substrate (Ziegler and Seelig, 2004); therefore, it may also have 

an affinity for the fluorogenic activity assay substrate. If so, Naglu-PTD4 samples would 

show higher activity levels than the wildtype for the same amount of enzyme. Such an 

increase in enzyme activity and substrate affinity would improve the therapeutic potential 

of the fusion enzyme. However, it is also possible that this apparent discrepancy in 

activity levels is an artifact of the immunoblotting procedure; the positive charge 

generated by arginine-rich PTD4 may have interfered with antibody binding in some 

way. Also, considering the clear banding seen for the 0.10U samples, the complete lack 

of banding for both 0.05U samples is further evidence suggesting an antibody-binding 

technical issue. Therefore it is suggested that the apparent discrepancy in activity is an 

artifact of the immunoblotting procedure. 

4.3 Naglu Expression in Sf9: Kozak Project 
  The Kozak sequence (consensus [G/A]NNATGG) surrounds the start codon of a 

gene and is critical for ribosomal recognition of mRNA (Kozak, 1991). Protein 

expression is unlikely to be optimal in the absence of a Kozak sequence since ribosomal 

binding and translation initiation may be inefficient. The human NAGLU gene does 

begin with sequence corresponding to a strong Kozak initiator site (Zhao et al., 1996); 

however, Naglu cDNA gene constructs expressed by previous lab members did not 

incorporate a Kozak consensus sequence, which may have contributed to the relatively 

low expression levels previously experienced.  

 Two Naglu gene constructs were generated: pIZT/WT-Naglu (lacking a Kozak 

consensus sequence) and pIZT/Kozak-Naglu (including a Kozak sequence). For transient 

expression analysis, duplicate 9.5 cm2 adherent Sf9 cultures were transfected with each 
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gene construct. Total cell lysate was harvested from each culture at 72 hours post-

transfection. GFP fluorescence and Naglu activity within each lysate sample were 

quantified and compared (Table 3.1). No significant Naglu activity was seen in any 

experimental culture. Also, although GFP signal was visible using a DAPI filter, the total 

GFP levels were seen to be approximately 6-fold lower than GFP levels generated by 

identically performed pIZT/V5-His control transfections. It was thought that the apparent 

lack of Naglu activity might have been due to low transfection efficiency; therefore, this 

was followed by stable expression analysis. 

 For stable expression analysis, a single stably selected cell line was generated 

expressing each of the Kozak project gene constructs. Cultures were grown to four days 

post-confluency before harvesting and analysis of freeze-fracture cell homogenate and 

cell-clarified medium fractions (Table 3.2).  

 The cell line stably expressing pIZT/WT-Naglu showed very low levels of 

measured Naglu activity in both the cell pellet and supernatant fractions, comparable to 

the untransfected control culture. This was unexpected, since previous projects did see 

detectable (albeit low) levels of Naglu using gene constructs lacking a Kozak sequence. 

Even more unexpected was the lack of Naglu activity seen in the cell line stably 

expressing pIZT/Kozak-Naglu, since addition of the Kozak initiator site should 

significantly improve Naglu expression levels. 

 To confirm successful integration of the plasmid, genomic DNA from both 

cultures was extracted and PCR-amplified using primers specific to Naglu. The results 

clearly confirmed the presence of Naglu cDNA in the cell pellet for both cell lines 

(Figure 3.7). It is possible that the small scale of this culture (25 cm2) and the relatively 
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low final level of antibiotic selection for the Kozak project (0.2 mg/mL ZeocinTM) may 

have contributed to this anomalous result. Although the pIZT/V5-His vector manual 

suggests selection levels between 0.2 and 0.6 mg/mL ZeocinTM (Invitrogen Life 

Technologies, 2002a), previous Naglu projects used final antibiotic concentrations of 

0.75–1.0 mg/mL, which would select for multiple integrants with a higher average copy 

number and therefore potential for a higher overall level of transgene expression. For this 

reason, a final concentration of 1.0 mg/mL ZeocinTM was used when generating stable 

cultures for the cryptic splice site project. 

4.4 Naglu Expression in Sf9: Cryptic Splice Site Project 
 The presence of two cryptic splicing signals within Naglu cDNA has been 

hypothesized to result in degradation of Naglu at the mRNA level, lowering overall 

expression levels of the recombinant enzyme (Jantzen, 2009). A previous project in our 

laboratory employed site-directed mutagenesis to eliminate both splice signals (Truelson, 

2009). To determine whether prevention of cryptic splicing could significantly increase 

Naglu expression levels, Sf9 cultures were transfected using four gene constructs 

(pIZT/NNSS-Naglu, pIZT/NNSS-Naglu-PTD4, pIZT/NNSS-ΔSNaglu, and pIZT/NNSS-

ΔSNaglu-PTD4), all of which included a Kozak consensus sequence as well as the native 

Naglu secretion-signaling peptide. 

4.4a Transient Expression of Various Naglu Gene Constructs in Sf9 
 Two separate transient expression studies were done. The first study normalized 

Naglu activity against total protein in the culture medium supernatant at 48 hours post-

transfection. The second normalized total Naglu activity in the supernatant against total 

GFP fluorescence in the cell lysate at 72 hours post-transfection. 
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 Enzyme activity present in the medium of cultures transfected with each Naglu 

gene construct was measured at 48 hours post-transfection and quantified relative to the 

total protein concentration to determine the specific activity of each culture. The average 

specific activity for cultures expressing pIZT/NNSS-Naglu was 0.1276 U/µg; for 

pIZT/NNSS-ΔSNaglu, 0.1219 U/µg; for pIZT/NNSS-Naglu-PTD4, 0.1127 U/µg; and for 

pIZT/NNSS-ΔSNaglu-PTD4, 0.1496 U/µg (Supplementary Table 1). Expression analysis 

was done by paired two-tailed T-testing in Minitab® 16: comparison of Naglu cultures 

versus ΔSNaglu cultures gave a P-value of 0.560, Naglu-PTD4 versus ΔSNaglu-PTD4 

gave a P-value of 0.028, and Naglu versus Naglu-PTD4 gave a P-value of 0.475. 

 For this study, the significance level was set at 5% (α = 0.05). According to the 

T-test results, there was no statistical difference between the transient expression of 

Naglu and Naglu-PTD4 (p = 0.475), indicating that the addition of PTD4 does not affect 

expression of the transgene. ΔSNaglu-PTD4 was expressed at a significantly higher level 

than Naglu-PTD4 (p = 0.028), indicating that mutagenesis of the two putative cryptic 

splice sites has a direct effect on Naglu expression levels. However, this was not 

supported by the data from ΔSNaglu cultures: there was no statistical difference indicated 

between the expression levels of Naglu and ΔSNaglu (p = 0.475). The average transient 

expression levels seen in cultures transfected with pIZT/NNSS-ΔSNaglu were actually 

slightly lower than those of pIZT/NNSS-Naglu cultures. Not a single ΔSNaglu culture 

survived the selection process, suggesting lower levels of the ZeocinTM/GFP resistance 

gene and therefore lower overall expression of the plasmid. This highlights the 

unreliability of transient data in this system and underscores the importance of stable 

expression studies. 
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 Since GFP expression levels were too low to quantify without harvesting all cells 

from each culture, for this first study activity levels were normalized against total protein. 

This weakened the generated data in two respects. Firstly, this analysis does not take into 

account transfection efficiency. Although every attempt was made to keep the 

transfection procedure identical between cultures, certain factors could not be controlled. 

For example, cell confluency was estimated through microscopic visualization and may 

have varied slightly between wells. Culture health was likely not identical in every well; 

the DNA quality of the various plasmid preparations may have fluctuated; and most 

importantly, the efficiency of the transfection reagent was found to be inconsistent 

between replicates. Secondly, even among successfully transfected cells expression of the 

transgene may vary enormously due to variation in copy number. 

 In order to account for transfection efficiency, a second transient expression study 

was done in which all cells from each culture were harvested at 72 hours post-

transfection to allow quantification of GFP signal in the total cell lysate. Two Naglu gene 

constructs were examined, one wildtype (pIZT/NNSS-Naglu) and one mutagenized 

(pIZT/NNSS-ΔSNaglu); five transfections were performed using each construct. The 

average supernatant enzyme activity values per nanogram of GFP present in the cell 

lysate are shown in Figure 3.9 (for data from all replicates, see Supplementary Table 2). 

To quantify GFP, a standard curve was generated using recombinant GFP diluted in 

untransfected Sf9 cell lysate (total volume 50 µL). Cell lysate was used as diluent not 

only to remove any background fluorescence but also to account for possible quenching 

activity of cell lysate components. 
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 Activity levels per nanogram of GFP were similar overall, with pIZT/NNSS-

ΔSNaglu appearing to have slightly lower expression than the wildtype. Two-sample 

unpaired T-testing yielded a P-value of 0.133, indicating no significant difference in 

expression between the two constructs. When Naglu activity was graphed against GFP 

fluorescence, no obvious trend was seen (not shown). This could indicate insensitivity of 

the microplate reader; however, the GFP standard curve was clearly linear down to a very 

low level of fluorescence (five nanograms). Therefore, this lack of correlation is most 

likely due to the two genes being driven by separate, unrelated promoters. 

 Overall, the transient expression results were inconclusive. Thus it was deemed 

necessary to supplement this data by generating stable cell lines for further analysis. 

Antibiotic selection not only moderates the effect of transfection efficiency but also 

reduces copy number variation, since stable cell lines should be exclusively composed of 

multiple integrants. The polyclonal nature of stably selected Sf9 cell lines allows slight 

variation in copy number; however, selection at 1.0 mg/mL ZeocinTM should be high 

enough to ensure survival of high copy number integrants only. 

4.4b Stable Expression of Various Naglu Gene Constructs in Sf9 
 Nine cultures survived the selection process to generate polyclonal stably selected 

cell lines. Of these, two expressed pIZT/NNSS-Naglu, four expressed pIZT/NNSS-

Naglu-PTD4, and three expressed pIZT/NNSS-ΔSNaglu-PTD4. For the average specific 

activity of replicates generated from all nine cell lines, see Figure 3.11 (for all replicates 

and raw data, see Supplementary Figure 3 and Supplementary Table 2). It was 

hypothesized that site-directed mutagenesis of the two putative cryptic splice sites would 

prevent degradation of Naglu mRNA. To detect the presence of splice products, RT-PCR 
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was performed on stably selected polyclonal cell lines expressing two different Naglu 

constructs: wildtype Naglu-PTD4 cDNA (pIZT/NNSS-Naglu-PTD4) or mutagenized 

Naglu-PTD4 cDNA (pIZT/NNSS-ΔSNaglu-PTD4). RNA from cells expressing the 

wildtype cDNA yielded two RT-PCR products, one at the expected target size and one at 

slightly larger than 0.4 kb, which correlates well with the size of the hypothesized splice 

product at 426 bp (Figure 3.10). Conversely, RNA from cells expressing mutagenized 

Naglu DNA (pIZT/NNSS-ΔSNaglu-PTD4) showed a single band corresponding to the 

target product. The complete absence of the small splice product in mutagenized cultures 

strongly suggests that replacement of the proposed cryptic splice sites by site-directed 

mutagenesis prevents cryptic splicing of Naglu mRNA. 

 Triplicate cultures were seeded from each cell line and analyzed separately 

(Supplementary Table 3). For the statistical analysis, separate passages of the same cell 

line were considered to be biological replicates (according to Bock et al., 2011, and 

Seoighe and Gehring, 2010). Due to the polyclonal nature of these stably selected 

cultures, the expression profile of each cell line was expected to fluctuate slightly over 

time and passage number. 

 Expression analysis was done by unpaired, unpooled, two-sample T-testing in 

Minitab® 16 (Table 3.3). A comparison of Naglu specific activity from six replicates 

expressing Naglu versus twelve replicates expressing Naglu-PTD4 gave a P-value of 

0.325, indicating that addition of the synthetic transduction domain PTD4 has no effect 

on expression of Naglu. Analysis of twelve Naglu-PTD4 replicates versus nine 

ΔSNaglu-PTD4 replicates yielded a P-value of 0.000, implying that elimination of the 
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two cryptic splicing signals from Naglu cDNA caused a significant increase in overall 

enzyme expression levels. 

 The statistical data indicates no difference in expression levels between constructs 

encoding wildtype Naglu versus Naglu-PTD4. This was anticipated, since it was not 

expected that the addition of PTD4 would have a detrimental effect on Naglu activity, 

expression, or secretion. Although the expression of Tat-PTD fusion proteins may be 

downregulated (Cashman et al., 2003), previous research performed in our laboratory 

found that expression levels of Naglu and Naglu-PTD fusions were comparable 

(Bandsmer, 2004). The same study indicated that addition of the wildtype Tat-PTD does 

not disrupt Naglu activity and may in fact enhance it. 

 The two-sample T-test results indicated that the mutagenized ΔSNaglu-PTD4 was 

expressed at a higher level than unaltered Naglu-PTD4 (p = 0.007). This suggests that 

cryptic splicing of mRNA transcribed from wildtype Naglu cDNA is significantly 

detrimental to Naglu expression. In a similar study performed by Bukovac et al. (2008), 

the use of in vitro mutagenesis to eliminate a single cryptic splice site within 

glucocerebrosidase cDNA was found to increase glucocerebrosidase expression levels by 

sixfold. This data was generated from transient expression levels of glucocerebrosidase 

enzyme as measured in CHO cell cultures at two days post-transfection with a viral 

vector system. It is not indicated that any replicates were examined. For the project 

described herein, stable expression data from multiple biological replicates expressing 

each construct indicated a 3.4-fold average increase in expression levels after site-

directed mutagenesis to abolish two cryptic splice signals (Figure 3.11). 
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 The current goal of the Naglu project is to produce large quantities of 

recombinant enzyme, likely through suspension culture of Sf9 cells. To determine 

whether the relative expression levels of active Naglu vary when cell lines are switched 

from adherent to suspension culture, the expression profiles of cell lines expressing 

wildtype and mutagenized Naglu were investigated using small-scale shaker cultures. 

Two cell lines stably expressing each Naglu gene construct (pIZT/NNSS-Naglu, 

pIZT/NNSS-Naglu-PTD4, and pIZT/NNSS-ΔSNaglu-PTD4) were scaled up to 100 mL 

suspension cultures and maintained for four weeks. The amount of active Naglu enzyme 

per milliliter of culture medium was quantified at each 7-day timepoint (for the average 

activity values for each set of duplicates, see Figure 3.12). The expression profiles did not 

fluctuate noticeably over this time period, although there did appear to be a peak in 

activity for the ΔSNaglu-PTD4 cultures at week 3. Cultures expressing Naglu and Naglu-

PTD4 had very similar overall expression levels. On average, the cultures expressing 

mutagenized ΔSNaglu-PTD4 generated 3.99-fold higher enzyme activity than cultures 

expressing wildtype Naglu-PTD4.  

 Thus the relative expression levels from three Naglu gene constructs in 

suspension culture follow a similar trend to that of adherent cultures—that is, addition of 

PTD4 does not appear to have a significant effect on Naglu activity, but removal of the 

two cryptic splice sites increases Naglu expression levels more than three-fold. In 

adherent cultures, ΔSNaglu-PTD4 showed 3.4-fold higher specific activity on average 

than Naglu-PTD4; in suspension cultures a larger discrepancy was seen, with the 

mutagenized construct showing 3.99-fold higher overall activity than the wildtype. 

Although this is somewhat lower than the discrepancy described by Bukovac et al. 
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(2008), who determined that removal of cryptic splice sites within glucocerebrosidase 

GBA increased enzyme expression six-fold, a four-fold increase in expression is still an 

extremely significant improvement. 

4.5 Effectiveness of the Native Naglu Secretion Signal 
 Secretion of recombinant Naglu enzyme into the Sf9 cell culture medium 

facilitates protein harvest and purification. Endogenous human Naglu is preceded by a 

native signaling peptide of 23 amino acids in length (sequence 

MEAVAVAAAVGVLLLAGAGGAAG; Weber et al., 1996). However, functionality of 

this signal in the Sf9 system has not been previously explored since prior Naglu 

expression projects utilized a vector system encoding the human transferrin peptide 

signal. 

 For secretion of a recombinant protein from Sf9 cells, commonly used signals 

include those of insect cell origin, such as the honeybee melittin peptide (Tessier et al., 

1991), or baculovirus origin, such as the egt and p67 signal peptides (Murphy et al., 

1993). Previous work in our laboratory utilized the human transferrin peptide signal due 

to its proven effectiveness in secreting recombinant human proteins from stable Sf9 cell 

lines. However, nearly every human secretion signal tested to date has been successfully 

recognized by Sf9 cells, including signals native to azurocidin (Olczak and Olczak, 

2006), glucocerebrosidase (Sinclair et al., 2006), interleukin-2 (Smith et al., 1985), and 

tissue plasminogen activator (Jarvis and Summers, 1989). One human secretion signal 

sequence that has been found ineffective in Sf9 cells is that of epidermal growth factor–

like protein 7 (Picuric et al., 2009); however, such exceptions are rare. Therefore it was 
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expected that the native Naglu signaling peptide would be effective in targeting 

recombinant enzyme to the Sf9 secretory pathway. 

 To determine whether the native signaling peptide would be adequately 

recognized by the Sf9 system, five cultures were examined: stable cell lines expressing 

Naglu, Naglu-PTD4, ΔSNaglu-PTD4, or pIZT/V5-His vector only, as well as an 

untransfected Sf9 cell culture. Vector-only culture medium and cell homogenate samples 

showed negligible fluorescence when compared to untransfected cells using the Naglu 

activity assay. Cultures expressing Naglu and Naglu-PTD4 showed similar levels of 

specific activity in cell homogenate samples (0.100 and 0.146 U/mg; see Table 3.4) and 

nearly identical levels of specific activity in culture medium samples (13.490 and 13.493 

U/mg, respectively). ΔSNaglu-PTD4 cells showed significantly higher specific activity in 

both sample types, with 1.551 U/mg in cell homogenate and 74.788 U/mg in culture 

medium. 

 For all three experimental samples, the culture medium fraction showed 

considerably higher levels of active enzyme than the cell homogenate. The Naglu-

expressing cell line demonstrated the highest discrepancy between supernatant and cell 

pellet samples, with 135.5-fold higher specific activity in the culture medium. For Naglu-

PTD4, the culture medium sample had a 92.6-fold higher specific activity than the cell 

homogenate sample; ΔSNaglu-PTD4 culture medium had 48.2-fold higher specific 

activity than the cell homogenate (Table 3.4). 

 The cell line expressing ΔSNaglu-PTD4 showed the lowest enzyme secretion of 

the three measured cultures. However, it also had the highest overall Naglu expression 

levels, more than five times as high as the other two cell lines examined; this may have 
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caused the cells to reach their secretory capacity. Overexpression of recombinant proteins 

in insect cells may result in intracellular solubility and reduced secretion. Also, the 

process of secretion is known to contain rate-limiting steps for glycoprotein expression 

by insect cells (Vernet et al., 1990). It has been found that coexpression of a molecular 

chaperone such as BiP (Hsu and Betenbaugh, 1997) or hsp70 (Ailor and Betenbaugh, 

1998) can ameliorate secretion levels. However, since the proportion of sequestered 

Naglu enzyme was relatively low compared to the secreted moiety, with 48.2-fold lower 

specific activity seen in the cell homogenate fraction as compared to the culture medium, 

it is the author’s opinion that in this case the benefits provided by a molecular chaperone 

would not adequately compensate for the expense of a coexpression project. 

 For visual confirmation of Naglu secretion, anti-Naglu immunoblots were 

compared between cell-clarified culture medium and cell homogenate samples (Figure 

3.13). The immunoblot results correlate well with the specific activity data; the majority 

of the Naglu signal was seen in the culture medium supernatant fraction, with negligible 

enzyme remaining within the cell pellet. 

 Either 20 µL of culture medium or 10 µg of cell homogenate was loaded on an 

SDS-PAGE gel for immunoblotting against Naglu. No target banding was initially seen 

in any cell homogenate sample, although the 60 kDa nonspecific band was seen in all 

samples including those from untransfected or vector-only control cultures (Figure 

3.13A); however, overexposure of the film did suggest a very faint target band in the 

ΔSNaglu-PTD4 sample. For culture medium samples, two nonspecific bands 

(approximately 60 and 92 kDa) were seen in all samples including those harvested from 

untransfected or vector-only cultures (Figure 3.13B).  
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 Lack of target signal in cell homogenate samples indicates that Naglu retention 

within the cytosol was negligible. The faint Naglu-specific band indicated in overexposed 

film of the ΔSNaglu-PTD4 cell homogenate sample supports the specific activity data 

indicating lower secretion efficiency in that cell line, likely due to overexpression as 

discussed previously. The 60 kDa non-target band appeared strongest in the untransfected 

control and weakest in the ΔSNaglu-PTD4 sample. It is possible that overexpression of 

ΔSNaglu-PTD4 (and to a lesser extent Naglu, Naglu-PTD4, and the ZeocinTM/GFP fusion 

protein from pIZT/V5-His) may have burdened the cells’ protein production machinery, 

resulting in lower levels of endogenous proteins. This explanation is supported by the 

culture medium immunoblot, which shows denser non-specific banding in the 

untransfected control medium than in samples from the other four cultures. 

 Strong anti-Naglu signal from culture medium containing Naglu, Naglu-PTD4, or 

ΔSNaglu-PTD4 was as expected since these cultures showed high levels of enzyme 

activity. The most intense target banding was seen in ΔSNaglu-PTD4 culture medium, 

which also had approximately 5.5 times higher specific activity than Naglu or Naglu-

PTD4 culture medium.  

 Although no difference in size between Naglu and ΔSNaglu-PTD4 was seen by 

SDS-PAGE, this is likely due to the relatively small size of PTD4 (eleven amino acids, or 

approximately 2% of the total fusion protein size) rather than its absence. 

4.6 Purification Trial (Phenyl SepharoseTM Hydrophobic Interaction 
Column) 

 Purification was done using hydrophobic interaction chromatography on a Phenyl 

SepharoseTM column. Naglu was found to bind very tightly to this column, only eluting 

when treated with a detergent solution (3% cholic acid). Naglu activity levels of all 
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fractions were measured using the fluorogenic assay; no eluted fractions contained 

significant enzyme activity prior to treatment of the column with undiluted detergent 

solution, although contaminant proteins were seen to elute at various stages as detected 

by absorbance at 280 nm. The most notable protein peak was seen during the water wash, 

but those fractions contained negligible Naglu activity. The final partially purified 

fractions were pooled in four groups according to enzyme activity and concentrated. 

 Naglu was not purified to homogeneity using this method, as can be seen in 

Figure 3.14A. Interestingly, silver staining indicated that each of the four pooled groups 

of concentrated fractions had a different protein profile. In the two groups with the 

highest activity levels overall (groups A and B), Naglu was shown to be one of the major 

protein species with only three other protein species present at similar or higher levels on 

the silver stain, although there were numerous species present at a lower level (it is 

important to note that when the silver stain was overdeveloped other species were seen 

that are not visible in Figure 3.14A).  

 For groups A and B, a strong target band was seen on an immunoblot when 

probing against Naglu (Figure 3.14B). In group C, Naglu was not visible on the silver 

stain but did demonstrate a faint band by immunoblotting, indicating that it was present 

but not as a major species. In group D, no Naglu was seen in either the silver stain or 

immunoblot. The group D fractions also had very low enzyme activity; although they did 

initially contain the lowest activity levels of the four groups, their overall yield from the 

concentration step was also the lowest at only 1.61%. It is likely that the lack of Naglu 

seen in this concentrated sample is due mainly to the fact that these were the first 



 

 

111 
fractions to be concentrated and effectively acted as a blocking agent for the Amicon® 

Ultra-4 centrifugal filter membranes. 

 When immunoblotting against Naglu, target band size in concentrated purified 

samples was seen to be somewhat inconsistent between replicate gels; also, the observed 

bands were more circular in shape. There is a distinct possibility that some cholate was 

still present in the HIC-purified fractions. Although each sample was dialyzed until the 

filtrate no longer precipitated on addition of acid (indicating absence of cholate), upon 

thawing of each sample for SDS-PAGE analysis a white cholate precipitate was seen. 

Cholic acid and SDS form protein-detergent micelles with micellar molecular weights of 

approximately 4 and 16 kDa, respectively (HYPERMOL, 2009; Ivashyna et al., 2009); 

these two detergents are also known to form mixed micellar structures (Wiedmer et al., 

1997). There is evidence that cholic acid competes with SDS to bind DNA (Bester et al., 

1994) and proteins (Schweitzer et al., 2005). Therefore, it is hypothesized that presence 

of cholate within post-HIC samples interfered with binding of SDS to cause 

inconsistencies in apparent molecular weight. Variation in SDS-to-cholate ratio within 

mixed micellar structures may have caused thickening of the target band. Purified sample 

treated with N-Glycosidase F demonstrated a target band consistent in size and shape 

with that seen in crude fractions, as discussed in section 4.2; it is hypothesized that 

dilution of the sample during the deglycosylation protocol may have ameliorated the 

effects of the cholate. 

 The overall yield of the HIC purification process (not including the post-

purification concentration of pooled eluted fractions) was 58.55%. However, the yield of 

the column elution step alone is slightly higher, since the overall yield takes into 



 

 

112 
consideration the enzyme that was unable to bind the column and thus was lost in the 

post-binding filtrate. Relative to the total amount of enzyme bound to the column, the 

yield of the elution step was 65.49%.  Measured activity levels suggest that only 10.61% 

of the Naglu-PTD4 present in the crude sample was lost in the post-binding filtrate, 

indicating that 89.39% of the total active enzyme was able to bind the HIC column. It is 

also possible that a portion of the enzyme was denatured or deactivated through 

oxidation, causing a lack of binding to the column as well as a decrease in measured 

activity levels. If this was the case, the overall binding was lower than calculated; thus 

the percent recovery from the elution step may have been significantly higher than the 

calculated 65.49%. 

 When taking into account the final concentration step, the overall yield of active 

enzyme dropped to just 6.34%—during this step alone, 89.16% of the partially purified 

enzyme was lost. Naglu is extremely labile, especially after purification (Sasaki et al., 

1991); it requires a very specific pH and temperature range and is particularly prone to 

denaturation due to oxidation. Although all samples were treated with a reducing agent, 

the slow nature of the concentration process was a major factor contributing to the overall 

loss of activity. Concentration of the various fractions was done over a period of several 

days due to large sample volumes and the necessity to dialyze the detergent. It is likely 

that much of the observed decrease in Naglu activity was due to enzyme inactivation, 

rather than simply loss of enzyme, since no Naglu activity was seen in the filtrate. The 

Amicon®
 Ultra-4 centrifugal filter devices do not indicate that they require a blocking 

agent; however, there was still a concern that a portion of the enzyme might bind the 

filtration membrane. Thus the lowest-activity fractions (groups C and D) were 
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intentionally concentrated first. The post-concentration yield from these two groups was 

extremely low, at 3.65% and 1.61%, respectively, and no Naglu-specific band was seen 

in these samples by silver staining. Although active Naglu did not appear to be lost in the 

filtrate, nonspecific binding to the Amicon®
 Ultra-4 membranes may have augmented the 

already high loss in activity of these samples due to enzyme inactivation via denaturation 

or oxidation. It is also possible that the higher total protein concentrations of groups A 

and B had a protective effect on those samples. 

 Although Naglu-PTD4 was not purified to homogeneity, the specific activity of 

the sample increased enormously: from an initial specific activity of 0.045 U/µg in the 

crude equilibrated medium, the four groups of pooled, concentrated fractions had specific 

activities of 11.166 U/µg for group A, 7.728 U/µg for group B, 5.379 U/µg for group C, 

and 1.606 U/µg for group D (Table 3.7). For the four highest-activity eluted fractions 

(pooled as group A), this increase in specific activity indicates that Naglu-PTD4 was 

purified 248-fold. Also, although group D had an extremely low overall yield of total 

active enzyme it still showed a 36-fold increase in specific activity, indicating that Naglu 

was present at purity levels much higher than the crude medium albeit not at a high 

enough level to be detected by silver staining or immunoblotting techniques. 

 In order to ensure that the sample would bind strongly to the HIC column, 

equilibration with a high salt concentration was performed using ammonium sulphate. 

This procedure may also remove a portion of the contaminating protein species by 

precipitation. However, since Naglu is extremely hydrophobic, it readily precipitates 

when treated with ammonium sulphate. It was necessary to optimize the concentration of 

ammonium sulphate in the high-salt equilibration buffer to minimize loss of Naglu 
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through precipitation. It was found that at 1.5 M ammonium sulphate more than half the 

total active enzyme was lost in the precipitate (58.4%), while losses of just 6.33% and 

0.85% were seen at 0.75 and 0.5 M, respectively (see Supplementary Table 4). For the 

HIC work described here, an equilibration concentration of 0.7 M ammonium sulphate 

was chosen due to concern that 0.5 M would not be high enough to promote binding to 

the Phenyl SepharoseTM matrix. However, Naglu bound so strongly as to elute after the 

final gradient was completed, so in future trials a lower concentration of ammonium 

sulphate is suggested. 

 In addition to its use in salt equilibration, ammonium sulphate precipitation can be 

utilized as a method to partially purify hydrophobic proteins (Jakoby, 1971). As a follow-

up experiment, it would be interesting to explore the use of high ammonium sulphate 

levels as a method to concentrate and partially purify Naglu prior to application to a gel 

filtration or hydrophobic matrix. 

 The author had previously attempted purification of a Naglu-PTD4 enzyme fused 

to a cellulose binding domain using a combination of cellulose column purification and 

HIC techniques (Jantzen, 2009). In that case, the HIC step utilized a HiTrap™ Phenyl FF 

column with a bed volume of one millilitre. This column required concentration of crude 

medium before application, during which step more than half the total enzyme activity 

was lost. When loaded onto the HiTrap™ column, a protein peak in the initial filtrate was 

found to contain very high levels of Naglu activity (comparable to the level of activity 

later seen in the partially purified fractions), indicating that lack of binding was causing 

significant loss of the total loaded enzyme, whereas the post-binding filtrate from the 

Phenyl SepharoseTM column contained a relatively low level of Naglu activity. Also, the 
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highest-activity HytrapTM-eluted fractions still contained hundreds of contaminant protein 

species. Many of these appeared to be present at a higher level than Naglu, and overall 

these were so numerous as to make it impossible to distinguish individual bands on a 

silver stained SDS-PAGE gel (Figure 4.1A). Conversely, the partially purified fractions 

from the Phenyl SepharoseTM column contain only a few contaminant species at a similar 

level to Naglu (Figure 4.1B), although there may be other species present at levels too 

low to be detectable by this method. Thus the Phenyl SepharoseTM column used for this 

project is an improvement over the HiTrap™ column in three ways: no initial 

concentration step is required, binding is more efficient, and most importantly the eluted 

fractions containing Naglu are purified to a higher level.  

 The HiTrap™ column HIC process was combined with a second purification step 

involving a cellulose matrix; following these two purification processes, the purified 

Naglu sample had increased in specific activity 25.72-fold with an overall yield of 0.8%. 

Following the Phenyl SepharoseTM single-step HIC purification process, the sample had 

increased in specific activity up to 248-fold with an overall yield of 58.55%, or 6.34% 

when taking into account the final concentration step. Thus the single HIC step described 

herein was more efficient in purifying Naglu than a two-step process involving both HIC 

with a HiTrap™ column and cellulose-binding purification. 

 Although the Phenyl SepharoseTM HIC system does purify Naglu to an extent, it 

does not purify it to complete homogeneity. However, it has the potential to do so when 

used in conjunction with a second purification step; for example, it might be combined 

with gel-filtration techniques in a two-step purification protocol. Gel-filtration 

chromatography, also known as molecular sieve or size-exclusion chromatography, 
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Figure 4.1. Comparison of partially purified sample fractions eluted from two different 

hydrophobic interaction columns.  

Immunoblot results indicate a post–Phenyl SepharoseTM purification target band at 

approximately 68.9 kDa. 

A) Sf9 cell medium containing Naglu-PTD4 fused to a cellulose binding domain 

purified using a 1 mL HiTrap™ Phenyl FF column (Jantzen, 2009). Lane contents:        

(1,10) Prestained protein marker (3) concentrated crude medium (4) high activity fractions 

corresponding to crude peak during initial injection (5) medium negative: Gibco® Sf900 II 

serum-free medium (8,9) high activity purified fractions, pooled and Centricon®-

concentrated.  

B) Sf9 cell medium containing Naglu-PTD4 purified using a 50 mL Phenyl 

SepharoseTM custom-packed column. Lane contents: (1,10) Prestained protein marker       

(2) crude medium (3) crude medium after equilibration with 0.7 M ammonium sulphate    

(4) post-binding filtrate (5) medium negative: Hyclone® SFX-Insect protein-free medium   

(6–9) High activity eluted fractions (pooled and Amicon®-concentrated) groups A–D. 

A) 1 2   3 4 5 6 7 8 9 10 

80 kDa 

B) 1 2 3 4  5 6 7 8 9 10 

80 kDa 

58 kDa 

58 kDa 
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separates molecules based on their size. A matrix of porous beads excludes larger 

molecules, while smaller molecules will be retained within the matrix and elute more 

slowly from the column. This is another gentle method of purification favourable for use 

on active enzyme fractions since no binding is required and elution conditions may be 

tweaked to retain as much enzymatic activity as possible (Bollag, 1995).  

 In order to load a gel-filtration column it is necessary to start with a very large 

amount of active enzyme because the gel-filtration process causes considerable dilution 

of the sample: according to Dr. Francis Choy, the applied sample must have enough 

activity for it to be detectable when diluted at least 50-fold. Therefore, the yield of the 

HIC step must be improved before it is possible to proceed to gel-filtration. Since the 

majority of the loss of active enzyme occurred during the post-HIC concentration step, it 

would be convenient if non-concentrated eluted fractions could be applied directly to a 

gel-filtration column. However, in gel filtration the resolution of the eluted peak is 

inversely proportional to the loaded sample volume (GE Healthcare, 2001). The 120 mL 

HiLoad 16/60 Superdex 200 gel filtration column currently possessed by our laboratory 

has a maximum sample volume of 4% of the column volume (5 mL), with an optimal 

loading volume of 0.5% (0.6 mL), thus does require a high level of sample concentration 

prior to application. If a concentration step is unavoidable, modification of the 

concentration protocol to reduce enzyme denaturation would be extremely advantageous, 

as discussed above. Also, since partially purified Naglu eluted gradually from the HIC 

over a large volume (123.5 mL), it may be possible to optimize the HIC protocol to 

improve the resolution of this eluted peak, thereby reducing the required post-HIC 

concentration. This may be attempted by decreasing the equilibration level of ammonium 
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sulphate, by increasing the final concentration of detergent, by steepening the final 

gradient (reducing the overall water-to-detergent gradient volume), or by using a shorter 

column (GE Healthcare, 2011). 

4.7 Future Directions 
 Survival rates of transfected Sf9 cell lines were very low, with the bulk of the 

experimental cultures dying during selection. Multiple integrants with higher copy 

number would be less susceptible to low levels of ZeocinTM during the initial stages of 

selection. It is possible that re-transfection of already transfected cultures might promote 

generation of more numerous multiple integrants containing higher copy numbers of the 

plasmid sequence. Not only would this increase the likelihood that the cell line would 

survive selection due to higher levels of the ZeocinTM/GFP resistance gene, but it also 

might increase the overall expression levels of active Naglu from these cultures. 

 Since the Phenyl SepharoseTM HIC protocol does not purify Naglu to 

homogeneity, an additional purification step is recommended. For example, HIC might 

be combined with gel-filtration techniques in a two-step purification protocol. However, 

if gel-filtration chromatography is to be used in conjunction with the HIC process, 

optimization of the post-HIC concentration process will be critical since an unacceptably 

large percentage of the total active enzyme was lost during this step. Also, during the 

purification trial ammonium sulphate was utilized as an equilibration agent prior to 

application of the Naglu sample to a hydrophobic interaction column. A relatively low 

concentration of this salt was selected due to the tendency of Naglu to precipitate out of 

solution when treated with a high salt concentration. However, high ammonium sulphate 
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levels could be investigated as a method to concentrate and partially purify Naglu via 

precipitation prior to gel filtration or hydrophobic interaction chromatography.  

 The heparin affinity of both PTD4 and Naglu could be exploited for an alternative 

method of purification. The wildtype Tat-PTD from which PTD4 was developed has an 

affinity for both heparin (Rusnati et al., 1997) and heparan sulphate (Ziegler and Seelig, 

2004). It has been shown that Tat-PTD binds strongly to a matrix of immobilized heparin 

and that PTD fusions may be successfully purified by heparin affinity chromatography 

(Hakansson et al., 2001). Since heparan sulphate is Naglu’s natural substrate, this method 

of purification should be yet more successful for a Naglu-PTD fusion as well as being 

more specific than HIC or gel-filtration techniques. Use of a heparin column might also 

be explored as an alternative method to dialyze and partially concentrate HIC-purified 

samples. Heparin chromatography has the potential to be more effective than centrifugal 

filtration in removing a high proportion of residual cholate while reducing loss of active 

enzyme. 

 Our laboratory has been working with Naglu in Sf9 cells for several years now. 

Numerous recent projects have focused on improving the expression levels of Naglu via 

various methods: codon optimization, change in the delivery vector system, variation of 

the transfection reagent, use of high-density bioreactor cultures, exploration of Pichia 

pastoris as an alternative expression system, investigation of the effect of different 

affinity tags on expression, and now addition of the Kozak signal and removal of two 

putative cryptic splice signals. It is the author’s opinion that future studies should focus 

on purification trials and uptake studies rather than further tweaking of the expression 

step. Assuming the post-purification concentration process can be optimized to reduce the 
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overall loss of active enzyme seen here, expression levels of up to 72 U/mL should be 

adequate to yield sufficient purified enzyme to proceed with uptake studies using MPS 

IIIB fibroblast culture and eventually blood-brain barrier penetration studies using the 

MPS IIIB mouse model. Should these studies suggest that recombinant Naglu-PTD4 

enzyme would be an effective treatment for MPS IIIB, optimization of the expression 

step could be evaluated further. 
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5.  Summary and Conclusions  
 Six DNA constructs encoding human α-N-acetylglucosaminidase were created, 

cloned, and fully sequenced. Two of these were intended for assessment of the role of the 

Kozak consensus sequence in Naglu expression (pIZT/WT-Naglu and pIZT/Kozak-

Naglu). The other four gene constructs all included the Kozak sequence as well as the 

native Naglu secretion-signaling peptide. Half of these were created using mutagenized 

Naglu (ΔSNaglu) cDNA in which two putative cryptic splice sites had been abolished by 

site-directed mutagenesis. Two constructs contained Naglu or ΔSNaglu cDNA only 

(pIZT/NNSS-Naglu and pIZT/NNSS-ΔSNaglu), while the synthetic secretion signal 

PTD4 was fused to both wildtype Naglu and ΔSNaglu cDNA to create the final two gene 

constructs (pIZT/NNSS-Naglu-PTD4 and pIZT/NNSS-ΔSNaglu-PTD4). 

 The highest levels of active enzyme measured during this project were seen in a 

suspension culture expressing pIZT/NNSS-ΔSNaglu-PTD4, which yielded up to 2.06 

micrograms of active enzyme per milliliter (72 U/mL). The apparent molecular weight of 

Naglu as visualized by immunoblotting ranged between 66 and 70 kDa, significantly 

smaller than the expected 80–85 kDa; this is likely due to the low average molecular 

weight of N-glycan chains synthesized by Sf9 cells, since the molecular weight of 

deglycosylated Naglu was similar to the expected protein product. 

 To generate transient expression data, two separate transfection trials were 

performed: the first normalized Naglu activity against total protein while the second 

normalized against GFP fluorescence. However, these results were inconclusive and 

stable expression results were considered more reliable due to inability to account for 

fluctuating transfection efficiencies and copy number variation. Nine stably selected 
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polyclonal cell lines were created (two expressing Naglu, four expressing Naglu-PTD4, 

and three expressing ΔSNaglu-PTD4). RT-PCR on total RNA from stable cell lines 

expressing wildtype or mutagenized Naglu cDNA indicated that abolishment of two 

putative cryptic splice sites successfully prevented degradation of Naglu mRNA. Two-

sample T-testing comparing specific activities of culture medium supernatant harvested 

from various biological replicates showed no difference in expression between cultures 

stably expressing Naglu or Naglu-PTD4 (p = 0.325); however, cultures expressing 

mutagenized ΔSNaglu-PTD4 showed significantly higher activity than those expressing 

wildtype Naglu-PTD4 (p = 0.000), with the average increase in specific activity 

calculated to be 3.4-fold. Data from duplicate cell lines scaled up to suspension culture 

indicated a 3.99-fold increase in overall expression post-mutagenesis (calculated as units 

of enzyme activity per milliliter of medium). This indicates that elimination of the two 

cryptic splice sites from Naglu cDNA directly resulted in higher overall enzyme 

expression levels. 

 In order to test the functionality of the native secretion peptide in the Sf9 system, 

the specific activities of cell homogenate and cell-clarified medium fractions from 

various stably selected cell lines were compared. Results indicated that the native 

secretion signal was successfully recognized by Sf9 cells: most Naglu activity was found 

in the cell-clarified culture medium fraction, with very little active enzyme remaining 

within the cell pellet. When visualized using immunoblotting against Naglu, lack of 

target signal in all cell homogenate samples indicated that Naglu retention within the 

cytosol was negligible, while presence of Naglu was clearly demonstrated in culture 

medium supernatant samples. 
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 A proof-of-principle purification trial found that although a Phenyl SepharoseTM 

HIC system did not purify Naglu-PTD4 to homogeneity, Naglu-PTD4 was one of only 

three or four major protein species present in the two groups of partially purified fractions 

demonstrating the highest enzyme activity. The overall specific activity increased from 

0.045 U/µg in the crude sample to 11.166 and 7.728 U/µg in these purified fractions, an 

increase of 248-fold and 172-fold, respectively. The most unfavourable aspect of the HIC 

process was the final concentration step, during which 89.16% of the partially purified 

enzyme was lost. Optimization of this step and use of HIC in conjunction with gel-

filtration or heparin-chromatography techniques in a multi-step purification protocol are 

recommended for future research. 

 In conclusion, the plasmid vector pIZT/V5-His was used in conjunction with the 

Sf9 insect cell expression system to produce four variants of active recombinant human 

Naglu enzyme. The native Naglu signaling peptide efficiently directed secretion of the 

protein product into the Sf9 culture medium, while abolishment of two cryptic splice sites 

was found to increase the level of Naglu expression significantly. It is the hope of the 

author that future research focussed on purification and uptake studies involving the 

Naglu-PTD4 fusion enzyme engineered herein may eventually lead to development of an 

enzyme replacement therapy that can be successfully used to treat MPS IIIB. 
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Appendix: Supplementary Figures and Tables 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1. Map of pIZT/V5-His integrative plasmid vector (Invitrogen Life 

Technologies, 2002a).  

 The asterisk indicates the multiple cloning site, which contains 12 restriction sites, a 

V5 epitope, and a hexahistidine tag. The following seven elements are encoded after the 

multiple cloning site, in order: OpIE2 polyadenylation sequence to terminate transcription 

of the transgene; pUC origin of replication to maintain high copy number in E. coli; OpIE1 

promoter and EM7 promoter to drive expression of the ZeocinTM/GFP resistance marker in 

insect cells and E. coli, respectively; ZeocinTM/GFP fusion gene to detect and select 

transformants; SV40 early polyadenylation sequence to terminate transcription of the 

resistance marker; and OpIE2 promoter to drive expression of the transgene in insect cells. 

 * 
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                                                                              ACC ATG 
01    GAC GAG GCC CGG GAG GCG GCG GCC GTG CGG GCG CTC GTG GCC CGG CTG CTG GGG CCA GGC 
61    CCC GCG GCC GAC TTC TCC GTG TCG GTG GAG CGC GCT CTG GCT GCC AAG CCG GGC TTG GAC  
121   ACC TAC AGC CTG GGC GGC GGC GGC GCG GCG CGC GTG CGG GTG CGC GGC TCC ACG GGC GTG  
181   GCG GCC GCC GCG GGG CTG CAC CGC TAC CTG CGC GAC TTC TGT GGC TGC CAC GTG GCC TGG  
241   TCC GGC TCT CAG CTG CGC CTG CCG CGG CCA CTG CCA GCC GTG CCG GGG GAG CTG ACC GAG  
301   GCC ACG CCC AAC AGG TAC CGC TAT TAC CAG AAT GTG TGC ACG CAA AGC TAC TCC TTC GTG  
361   TGG TGG GAC TGG GCC CGC TGG GAG CGA GAG ATA GAC TGG ATG GCG CTG AAT GGC ATC AAC  
421   CTG GCA CTG GCC TGG AGC GGC CAG GAG GCC ATC TGG CAG CGG GTG TAC CTG GCC TTG GGC  
481   CTG ACC CAG GCA GAG ATC AAT GAG TTC TTT ACT GGT CCT GCC TTC CTG GCC TGG GGG CGA  
541   ATG GGC AAC CTG CAC ACC TGG GAT GGC CCC CTG CCC CCC TCC TGG CAC ATC AAG CAG CTT  
601   TAC CTG CAG CAC CGG GTC CTG GAC CAG ATG CGC TCC TTC GGC ATG ACC CCA GTG CTG CCT  
661   GCA TTC GCG GGG CAT GTT CCC GAG GCT GTC ACC AGG GTG TTC CCT CAG GTC AAT GTC ACG  
721   AAG ATG GGC AGT TGG GGC CAC TTT AAC TGT TCC TAC TCC TGC TCC TTC CTT CTG GCT CCG  
781   GAA GAC CCC ATA TTC CCC ATC ATC GGG AGC CTC TTC CTG CGA GAG CTG ATC AAA GAG TTT  
841   GGC ACA GAC CAC ATC TAT GGG GCC GAC ACT TTC AAT GAG ATG CAG CCA CCT TCC TCA GAG  
901   CCC TCC TAC CTT GCC GCA GCC ACC ACT GCC GTC TAT GAG GCC ATG ACT GCA GTG GAT ACT  
961   GAG GCT GTG TGG CTG CTC CAA GGC TGG CTC TTC CAG CAC CAG CCG CAG TTC TGG GGG CCC  
1021  GCC CAG ATC AGG GCT GTG CTG GGA GCT GTG CCC CGT GGC CGC CTC CTG GTT CTG GAC CTG  
1081  TTT GCT GAG AGC CAG CCT GTG TAT ACC CGC ACT GCC TCC TTC CAG GGC CAG CCC TTC ATC  
1141  TGG TGC ATG CTG CAC AAC TTT GGG GGA AAC CAT GGT CTT TTT GGA GCC CTA GAG GCT GTG  
1201  AAC GGA GGC CCA GAA GCT GCC CGC CTC TTC CCC AAC TCC ACC ATG GTA GGC ACG GGC ATG  
1261  GCC CCC GAG GGC ATC AGC CAG AAC GAA GTG GTC TAT TCC CTC ATG GCT GAG CTG GGC TGG  
1321  CGA AAG GAC CCA GTG CCA GAT TTG GCA GCC TGG GTG ACC AGC TTT GCC GCC CGG CGG TAT  
1381  GGG GTC TCC CAC CCG GAC GCA GGG GCA GCG TGG AGG CTA CTG CTC CGG AGT GTG TAC AAC  
1441  TGC TCC GGG GAG GCC TGC AGG GGC CAC AAT CGT AGC CCG CTG GTC AGG CGG CCG TCC CTA  
1501  CAG ATG AAT ACC AGC ATC TGG TAC AAC CGA TCT GAT GTG TTT GAG GCC TGG CGG CTG CTG  
1561  CTC ACA TCT GCT CCC TCC CTG GCC ACC AGC CCC GCC TTC CGC TAC GAC CTG CTG GAC CTC  
1621  ACT CGG CAG GCA GTG CAG GAG CTG GTC AGC TTG TAC TAT GAG GAG GCA AGA AGC GCC TAC  
1681  CTG AGC AAG GAG CTG GCC TCC CTG TTG AGG GCT GGA GGC GTC CTG GCC TAT GAG CTG CTG  
1741  CCG GCA CTG GAC GAG GTG CTG GCT AGT GAC AGC CGC TTC TTG CTG GGC AGC TGG CTA GAG  
1801  CAG GCC CGA GCA GCG GCA GTC AGT GAG GCC GAG GCC GAT TTC TAC GAG CAG AAC AGC CGC  
1861  TAC CAG CTG ACC TTG TGG GGG CCA GAA GGC AAC ATC CTG GAC TAT GCC AAC AAG CAG CTG  
1921  GCG GGG TTG GTG GCC AAC TAC TAC ACC CCT CGC TGG CGG CTT TTC CTG GAG GCG CTG GTT  
1981  GAC AGT GTG GCC CAG GGC ATC CCT TTC CAA CAG CAC CAG TTT GAC AAA AAT GTC TTC CAA  
2041  CTG GAG CAG GCC TTC GTT CTC AGC AAG CAG AGG TAC CCC AGC CAG CCG CGA GGA GAC ACT  
2101  GTG GAC CTG GCC AAG AAG ATC TTC CTC AAA TAT TAC CCC GGC TGG GTG GCC GGC TCT TGG  

      GGT GGA TAC GCT CGA GCT GCA GCA CGT CAG GCA CGT GCA 

 

Supplementary Figure 2. Human α-N-Acetylglucosaminidase cDNA sequence. 

  Numbering corresponds to base pairs encoding Naglu enzyme. The Kozak 

consensus sequence (bold) flanks the start codon; the stop codon is contained within the 

vector (not shown). Here, Naglu sequence is shown immediately followed by a glycine linker 

(6 bp, italics) and DNA encoding the synthetic protein transduction domain PTD4 (33 bp, 

bold and italics). No secretion signal sequence is included in this figure; for the native Naglu 

secretion peptide DNA sequence, see Figure 2.1. 

 The putative cryptic splice sites (donor site GT, acceptor site AG; underlined) were 

mutagenized as follows to generate ΔSNaglu cDNA: bp 313–315 altered from AGG to CGT 

(arginine), bp 2047–2049 altered from CAG to CAA (glutamine). 
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Supplementary Table 1. Transient expression of Naglu constructs in replicate Sf9 cultures 

(normalized against total protein). 

 
 Transfections were performed using each of the four DNA constructs complexed 

with FuGENE® HD to transfect separate wells of a single 6-well plate simultaneously and 

under identical conditions. Medium samples were harvested at 48 hours post-transfection 

from 9.5 cm2 adherent cultures grown in 2 mL SFX-InsectTM protein-free medium. 

 Specific activity was calculated as units of active enzyme per microgram of total 

protein using the fluorogenic Naglu activity assay and a Bradford protein concentration 

assay. Data was analyzed using Minitab® 16 software; paired two-tailed T-testing yielded P-

values of 0.560 for Naglu versus ΔSNaglu, 0.028 for Naglu-PTD4 versus ΔSNaglu-PTD4, 

and 0.475 for Naglu versus Naglu-PTD4. 

 

Transfection Naglu 
U/µg 

Naglu-PTD4 
U/µg 

ΔSNaglu 
U/µg 

ΔSNaglu-PTD4 
U/µg 

1 0.344 0.191  0.282 0.231  
2 0.127 0.194  0.146 0.206  
3 0.036 0.079  0.065 0.076  
4 0.148 0.129  0.113 0.215  
5 0.045 0.040  0.065 0.063  
6 0.100 0.118  0.089 0.106  
7 0.078 0.073  0.076 0.106  
8 0.183 0.095  0.145 0.230  
9 0.142 0.144  0.155 0.150  
10 0.073 0.065  0.082 0.113  

Mean 0.1276 0.1127 0.1219 0.1496 

Standard 
Deviation 0.0893 0.0525 0.0658 0.0653 

Standard 
Error 0.0282 0.0166 0.0208 0.0207 
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Supplementary Table 2. Transient expression of Naglu constructs in replicate Sf9 cultures 

(normalized against lysate GFP). 

 Five replicate cultures expressing each construct (pIZT/NNSS-Naglu or 

pIZT/NNSS-ΔSNaglu) were harvested at 72 h post-transfection. Total Naglu activity in the 

culture medium supernatant was normalized against total GFP fluorescence in the cell 

lysate. Naglu activity was measured using the fluorogenic activity assay; GFP fluorescence 

was quantified on a SynergyTM HT microplate reader. 

 Data was analyzed using Minitab® 16 software. Two-sample unpaired T-testing 

yielded a P-value of 0.133 for Naglu versus ΔSNaglu.  

Gene construct Total GFP 
(ng) 

Enzyme units 
per ng GFP 

Mean enzyme 
units per ng GFP 

Standard 
deviation 

26.57 0.635 

25.54 0.656 

31.79 0.585 

14.24 0.990 

Wildtype cDNA 
(Naglu) 

32.07 0.499 

0.670 0.187 

21.24 0.724 

36.51 0.451 
42.04 0.437 

19.16 0.535 

Mutagenized 
cDNA 

(ΔSNaglu) 

38.01 0.262 

0.480 0.168 
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Supplementary Table 3. Stable expression of Naglu constructs in replicate Sf9 cultures.  

 Each cell line was separately transfected and selected until completion of at least 

two full passages at 1 mg/mL ZeocinTM. Medium samples were harvested from 25 cm2 

adherent cultures grown in 2 mL SFX-InsectTM protein-free medium at 4 days post-

confluency. Cell lines were passaged into three polyclonal cultures (biological replicates) 

that were individually analyzed. 

 Specific activity was calculated as units of active enzyme per microgram of total 

protein using the fluorogenic Naglu activity assay and a Bradford assay.  

Cell Line Replicate 
#1 (U/mg) 

Replicate  
#2 (U/mg) 

Replicate   
#3 (U/mg) 

Mean 
(U/mg) 

Standard 
Deviation 

Naglu (A) 15.3 14.8 15.9 15.3 0.55 

Naglu (B) 34.8 35.4 44.8 38.3 5.64 

Naglu-PTD4 (A)  15.0 16.6 17.0 16.2 1.06 

Naglu-PTD4 (B)  26.1 30.7 25.2 27.3 2.93 

Naglu-PTD4 (C)  13.7 12.1 16.1 14.0 1.99 

Naglu-PTD4 (D)  48.4 14.0 9.1 23.9 21.41 

ΔSNaglu-PTD4 (A)  75.9 81.2 132.0 96.4 30.95 

ΔSNaglu-PTD4 (B) 56.1 52.3 58.6 55.7 3.18 

ΔSNaglu-PTD4 (C) 60.9 58.7 53.3 57.6 3.89 

Vector-only 
Control (A) 1.6 1.2 1.7 1.5 0.28 

Vector-only 
Control (B) 1.3 1.7 1.4 1.5 0.17 
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Supplementary Figure 3. Individual specific activity levels of biological replicates generated 

from nine cell lines stably expressing Naglu gene constructs. 

 Each cell line was separately transfected and selected until completion of at least 

two full passages at 1 mg/mL ZeocinTM before being used to generate triplicate cultures that 

were individually analyzed. 

 Medium samples were harvested from 25 cm2 adherent cultures grown in 2 mL 

SFX-InsectTM protein-free medium at 4 days post-confluency. Naglu activity was measured 

using the fluorogenic activity assay; protein concentration was measured using a Bradford 

protein assay. Specific activity was calculated as units of active Naglu enzyme per milligram 

of total protein. 
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Supplementary Table 4. Optimization of ammonium sulphate concentration for 

equilibration of Sf9 medium before application to a Phenyl SepharoseTM HIC purification 

resin. 

 Culture medium containing Naglu-PTD4 (approximately 9 U/mL) was equilibrated 

for 20 minutes with the indicated concentration of ammonium sulphate. Protein precipitate 

was harvested by centrifugation; enzyme activity of each fraction was measured using the 

fluorogenic activity assay. 

 
Concentration of 

ammonium sulphate 
Naglu activity in 

precipitate (U/mL) 
Naglu activity in 

supernatant (U/mL) 
Percentage lost 
in precipitate 

0.25 M 0.00 9.12 0.00% 

0.50 M 0.08 9.36 0.85% 

0.75 M 0.60 8.88 6.33% 

1.00 M 1.12 8.32 11.9% 

1.50 M 4.72 3.36 58.4% 

 
 

 
 


