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2. Introduction 
 

2.1. Caenorhabditis elegans - a model organism 
 

2.1.1. Main features 

Caenorhabditis elegans (C. elegans) is a small (~1 mm long), free-living, soil 

nematode feeding primarily on bacteria. C. elegans has a constant number of somatic cells. 

Adult hermaphrodites and males have 959 and 1031 somatic nuclei, respectively. Full cell 

lineage is described in C. elegans.  

Worms are reproducing with a life cycle of about 3 days under optimal environmental 

conditions. Mature adults are fertile for 4 days and their overall life span is about 17 days 

after reaching adulthood. C. elegans has five holocentric autosomes and sex chromosome (X). 

Sex is determinated chromosomally. Hermaphrodites are diploid for all autosomes and X 

chromosomes (XX). Males, on the contrary have only one copy of X chromosome (XO). 

Recombination occurs in males´ sperm and in both sperm and oocytes in hermaphrodites. 

Males arise by spontaneous non-disjunction of sex chromosomes during meiosis in 

hermaphrodite germ line with frequency of about 1:500 worms [1-3].  

C. elegans can be easily cultivated under laboratory conditions and enables easy 

genetic manipulation. Self-fertilization of the hermaphrodites allows for homozygous worms 

to generate genetically identical progeny and male mating facilitates the isolation and 

maintenance of mutant strains as well as propagation of mutations between strains. Mutant 

animals can be obtained by chemical mutagenesis or exposure to ionizing radiation [4, 5]. The 

strains can be kept as frozen stocks for long periods of time. Due to these properties and its 

simplicity C. elegans became a useful model organism for concerted genetic, ultrastructural, 

behavioral and developmental studies in eukaryotic organisms [1, 2, 6]. It was the first of the 

multicellular eukaryotic organisms for which complete genomic sequence became known. 

About thirty-six percent of genes in C. elegans have homology to human genes, including 

those involved in different human pathology states [7].   

RNA-mediated interference (RNAi) technique allows to inhibit C. elegans genes very 

easily [8, 9]. High throughput RNAi techniques were used for inhibition of virtually all C. 

elegans genes [10-14]. Besides RNAi, it is relatively easy to generate and observe the 

expression of transgenes, either with fluorescent or histochemical molecular tags, in the 

transparent body of the worm [15, 16]. 
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2.1.2. Life cycle 

C. elegans develops from embryo (558 cells stage) through four larval stages (L1, L2, 

L3 and L4) into adult (Figure 1) within three days. Normally the eggs hatch into larvae after 

twelve hours. All larval stages are interrupted by molts during which a new cuticle is 

synthesized and the old one is shed. Dauer larvae (dauers) represent a specific larval stage that 

develops instead of the normal L3 larvae under unfavorable conditions. Dauers can survive 

several months and than molt into normal L4 larvae under optimal conditions [17, 18]. 

Hermaphrodites lay about 300 eggs during their fertile period. 

 

 

 
 

Figure 1: Life cycle of C. elegans (at 22 °C). 

The picture shows all embryonic and larval stages including adult hermafrodite. The length of time 
that the animal spends at a certain stage is marked in blue and the length of the animal at certain stage 
is stated in grey in round brackets. 
The image was downloaded from publically available www domain Wormatlas [19] 
http://www.wormatlas.org/handbook/anatomyintro/anatomyintro.htm 
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2.1.3. Development 

 

2.1.3.1. Embryogenesis 

Embryogenesis in C. elegans has two distinct periods: proliferation and 

organogenesis/morphogenesis [20].  

The proliferation stage comprises of multiple mitotic cell divisions which result in 

formation of the first larval stage [6]. Initial cell divisions generate six distinct cells that are 

called founder cells: AB, E, MS, C, D, and P4. Each founder cell goes through a series of 

synchronous and symmetrical divisions to generate a predetermined number of cells [21].  

During organogenesis/morphogenesis terminal differentiation of cells occurs and the 

general body plan, formed at the end of the embryogenesis is attained.  During elongation 

embryos take form of fully differentiated animals, tissues and organs included. Embryonal 

elongation includes several morphological forms: the comma, 1.5-fold, 2-fold and 3-fold 

stage (Figure 1). L1 cuticle is formed in 3-fold stage [20].  

 

2.1.3.2. Post-embryonic development 

 Post-embryonic development is initiated by feeding of larvae after hatching. In the 

presence of food, cell divisions continue and postembryonic developmental program begins 3 

hours after hatching [22]. The animals normally pass through four larval stages to reach 

adulthood (Figure 1). Germ line proliferates and mature gonads are formed during L4 stage. 

The number of somatic cell nuclei increases to 959 in hermaphrodites and 1031 in males [18].  

 If the embryos hatch in the absence of nutrients the development may get arrested 

until environmental conditions improve [23, 24].  

 

2.1.4. Genetics 

 

2.1.4.1. The genome 

C. elegans genome consists approximately of 97 million base pairs (one-thirtieth the 

size of the human genome), including 15 kb of mitochondrial DNA. The complete genomic 

sequence was published in December 1998 by the international C. elegans Genome 

Sequencing Consortium [7]. All data about C. elegans are assembled and available to 

scientific community in databases such as Caenorhabditis elegans WWW Server [25], 

WormBook [26], ORFeome project database WorfDB [27, 28], WormAtlas [19] and others. 
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The central C. elegans database is WormBase, initiated in the year 2001 and continuously 

updated every 21 days [29]. It´s contents doubled in the last three years [30-33]. 

C. elegans genome contains 23 693 confirmed or predicted protein coding genes [34]. 

The worm genome is very compact with one gene per 5kb on average. The genome is 

predicted to contain only 27 % of intronic sequences and 27 % putative exons [7]. Many of 

the predicted protein products have homologs in other organism. The average predicted 

protein similarity between C. elegans and Homo sapiens is 36 %, which is more than with any 

other multicellular organism (except other nematodes). Many genes show similarity as high as 

97 % [7, 35, 36]. 

 The number of splicing isoforms per gene is low. More than 90 % of alternatively 

spliced genes have only one or two isoforms [37], the overall current number of alternatively 

spliced isoforms is 3515 [34]. 

 There are two types of pseudogenes in C. elegans genome – processed and 

unprocessed. The first type of pseudogenes results from reverse transcription of mRNA into 

cDNA and its reinsertion into gDNA. Unprocessed pseudogenes are formed by gene 

duplication and the following loss of function due to nucleotide substitutions, deletions, 

insertions, frameshifts or other DNA alterations [38]. 

 

2.1.4.2. Operons and trans-splicing 

 C. elegans and other nematodes have approximately 15 % of genes organized into 

operons, a property which makes them distinct from other higher organisms. Operons may 

contain from 2 to 8 genes [39, 40]. The genes in the polycistronic operons are usually 

separated by tens of base pairs. Polycistronic RNAs are processed into monocistronic mRNAs 

by internal cleavage and polyadenylation of their 3´ends. The 5´end of the downstream 

mRNA is simultaneously formed by trans-splicing [41]. During the trans-splicing, a short 

RNA leader sequence is attached to the 5´end of mRNA. There are two types of splice leader 

RNAs – SL-1 and 2. SL1 is predominantly trans-spliced to 5´ends of monocistronic genes 

and first genes in operons. On the contrary, SL2 is trans-spliced to downstream genes in the 

operons [42, 43]. 

 

2.1.5. Anatomy 

 The anatomy of C. elegans is very simple. Worms can be observed by phase contrast 

light microscopy techniques, especially efficient is Nomarski differential interference contrast 
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(DIC). The anatomical description was completed at the electron microscopy level in the last 

two decades [6, 19, 20, 44]. 

 

2.1.5.1. Basic anatomy 

Worms have unsegmented, tubular body that is tapered at the ends and has outer and 

an inner tube, which are separated by the pseudocoelomic space. The outer tube (body wall) 

consists of cuticle, hypodermis, excretory system, neurons and body wall muscles. The inner 

tube comprises of pharynx, intestine and gonad (Figure 2).  

 

 
Figure 2: Anatomy of an adult hermaphrodite 

A. DIC image (scale bar 0,1 mm) and B. schematic drawing. 
The image was downloaded from publically available www domain Wormatlas [19] 
http://www.wormatlas.org/handbook/anatomyintro/anatomyintro.htm 
 

2.1.5.1.1. Cuticle and Epidermis 

An external transparent cuticle, which is composed of collagens, covers the body wall. 

Collagens are secreted by polarized epidermal cells. Many of epidermal cells are 

multinucleate, arising by cell fusions during development [6]. 

 

2.1.5.1.2. The body wall muscle system 

 Four longitudinal rows of body wall muscle cells are situated under the epidermis and 

are located subventrally and subdorsally. Individual cells do not form syncitia, which are 

typical for vertebrates, but are separated and mononucleated. A thin basal lamina separates the 
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musculature from the epidermis and nervous tissue. The functional contractile unit is 

analogous to the vertebrates’ sarcomere. Thick filaments contain myosin and overlap with 

two sets of thin actin filaments [3, 45].  

 

2.1.5.1.3. The nervous system 

The nervous system in C. elegans has 302 neurons in the adult stage and consists of a 

circumpharyngeal nerve ring, dorsal and ventral nerve cords and a variety of sensory 

receptors and ganglia. The majority of C. elegans neurons are localized in the head around 

pharynx. The processes from most neurons travel in either the ventral or dorsal cord and 

project to the nerve ring in the head [6]. 

 

2.1.5.1.4. The alimentary system 

The gastrointestinal system is formed by a single tube which contains pharynx, 

intestine, rectum and anus. It also includes related tissues such as valves, glands, muscles. 

The mouth opens into the bilobed muscular pharynx, which grinds and pumps food 

through the tubular intestine in the direction of rectum and anus. C. elegans intestine is a tube 

formed by 20 large epithelial cells. These cells are organized in bilaterally symmetric pairs 

around the lumen. The whole intestine is made of nine rings. Intestinal cells are mononuclear 

at hatching; and become larger, binucleated and polyploid during postembryonic development 

[46]. Intestinal cells secrete digestive enzymes into the lumen, absorb nutrients and serve as 

storage depots [6]. Some intestinal granules are strongly autofluorescent when irradiated with 

300 to 400 nm light. These granules are visible early in the nematode´s development and can 

serve as cell-type-specific markers [6]. 

 

2.1.5.1.5. The reproductive system 

The reproductive system of adult hermaphrodites consists of two symmetrically 

arranged, U-shaped gonad arms. Each arm contains a distal ovary, proximal oviduct, 

spermatheca and leads into the uterus. Germ line nuclei are produced in ovarial syncytium. 

Germ cells sequentially proceed through the mitosis and meiotic prophase to enter diakinesis 

in the oviduct immediately prior to fertilization. Individual nuclei become enclosed by plasma 

membrane and form oocytes, which enlarge and mature as they pass through the oviducts. 

Both oviducts terminate at the spermatheca carrying about 150 sperms. The fertilized eggs 

(the zygotes) are stored in the uterus before laid via the vulva [6, 47].  
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The reproductive system of adult males consists of a single testis, which is connected 

with rectum by vas deferens. Vas deferens opens to the body exterior at the cloaca with 

associated sensory spicules. The males use the spicules during mating to locate the 

hermaphrodite vulva and to hold it open during sperm transfer [48, 49]. 

 

2.1.5.2. The coelomocyte system 

 C. elegans has three pairs of coelomocytes located in the pseudocoelomic cavity 

(ventral anterior, ventral posterior and dorsal). Coelomocytes contain large distended rough 

endoplasmic reticulum and a number of vacuoles of various sizes [50]. Each coelomocyte is 

covered by its own basal lamina. 

Coelomocytes can uptake fluid-phase markers such as india ink, rhodamine-dextran 

and fluorescein isothiocyanate (FITC)-BSA from the pseudocoelom [50]. The coelomocytes 

were suggested to act as scavenger cells due to their ability to actively endocytose fluid from 

the pseudocoelom [51]. It is hypothesized that the coelomocytes may represent a primitive 

immune system in C. elegans, nevertheless their function is not essential for the animal’s 

survival or fertility. Coelomocytes represent suitable cell type for studies of endosomal-

lysosomal system [36, 50, 51]. 

 

2.1.6. The lysosomal system and lysosomal proteins in C. elegans 

C. elegans has a fully developed lysosomal system and the lysosomes take up 

exogenous macromolecules in the same way as lysosomes in mammalian cells [36, 51-60]. 

Kostich and co-workers identified LMP-1 protein in C. elegans, with sequence and presumed 

structural similarity to mammalian LAMPs (lysosomal associated membrane proteins) and 

CD68 protein [61]. LMP-1 is the only nematode´s membrane protein with the vertebrate 

lysosomal targeting sequence at its C terminus. C. elegans possesses a variety of proteases 

and peptidases. The representatives of lysosomal acid glycosidases and phosphatases in C. 

elegans are comparable to that found in the mammalian cells [36, 62-64]. They belong to the 

same or related protein families and share similar protein structure. The presence of simple 

and complex glycoconjugates (glycolipids and glycoproteins) containing various sugar 

substrates has been reported [65, 66] as well as the presence of glycosaminoglycans (GAGs) 

[67-69]. All these compounds are degraded in the worm’s endosomal – lysosomal system. 

C. elegans requires cholesterol for proper growth and development. However, it is 

incapable to synthesize its own cholesterol and must obtain it from the diet [70, 71]. 

Intracellular cholesterol trafficking in C. elegans is directly dependent on the proper function 
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of late endosomal/lysosomal membrane protein(s), which are homologous to human NPC1 

protein [72] (see section 2.1.8).    

 

2.1.7. RNA-mediated interference (RNAi) technique and C. elegans 

In 2006, Andrew Fire and Craig Mello obtained the Nobel Prize for discovery of 

double-stranded RNA triggered suppression of gene activity in a homology dependant manner 

in C. elegans – a phenomenon designated as RNA interference [73]. The molecular 

mechanism of RNAi is under continuous study and has been a subject of numerous review 

articles [74, 75]. The delivery of double-stranded RNA (dsRNA) results in the specific and 

potent inactivation of genes containing homologous sequences [8, 9, 76]. RNAi may be 

transmitted to the progeny of F1-F2 generation. The inactivation of genes results from the 

degradation of their endogenous mRNA. DsRNA is capable to cross cell membranes and 

intercellular environment. In C. elegans it is possible to initiate RNAi by injection of dsRNA 

into germ syncytium, by soaking the worms in dsRNA solution or by feedding them with 

Escherichia coli expressing dsRNA [77].  

 

2.1.8. C. elegans as a model organism for human lysosomal storage disorders 

C. elegans was repeatedly shown to be a suitable model for many human diseases [78-

82], including lysosomal storage disorders such as Niemann-Pick type C disease [72] and 

juvenile neuronal ceroid lipofuscinosis [83]. Many human genes associated with lysosomal 

function and/or involved in LSDs have C. elegans orthologs [36]. It has been reported that C. 

elegans genome includes two distinct acid sphingomyelinase (ASM) genes [84], contrary to 

humans with only single ASM. Mutant strain of C. elegans with deficiency of the aspartyl 

protease cathepsin D has been described [63]. Number of works concentrated on C. elegans 

ortholog (CUP-5) of human mucolipin-1 [50, 57, 58, 85, 86]. Mucolipin-1 is a non-selective 

cation channel in the lysosomal membranes that is modulated by pH and its deficiency causes 

lysosomal storage disorder - mucolipidosis type IV. CUP-5 is essential for lysosomal 

biogenesis in C. elegans. In addition, the functions of LAMP/CD68 like protein in C. elegans 

including its deficiency [61] were thoroughly evaluated. Novel information acquired by 

studies of C. elegans orthologs of these non-catalytic human lysosomal proteins provided 

important insights into biological function of these proteins. 

The amount of data about the functions of luminal lysosomal hydrolases in C. elegans 

is restricted to sparse reports, some of them are appended to this thesis (appended publication 

1 and submitted manuscript). 
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In conclusion, C. elegans is a relevant model organism because it is a simple 

multicellular organism with short life cycle, it is inexpensive to cultivate and easy to 

genetically manipulate, its entire cell lineage as well as genome sequence is completely 

known. Sexual dimorphism of C. elegans facilitates genetic manipulation because self-

fertilizing hermaphrodites can be used to maintain homogenous strain progeny and males 

enable genetic crosses. Long-term storage of nematode strains is possible because of the 

ability to freeze and recover the animals. Its use is generally advantageous due to the 

simplicity of the organism; on the other hand, it does not allow studies of complex tissue 

systems. 

 

 2.2. Lysosomal biology 

 

2.2.1. Introduction 

 Christian de Duve used the term “lysosome” for the first time in the year 1955 [87]. 

Lysosomes were initially discovered by cell fractionation assays. Lysosomal morphology was 

characterized by electron microscopy shortly after [88]. 

Lysosomes are membrane-bound organelles which are found in all mammalian cells 

apart from red blood cells. Lysosomes are responsible for the controlled intracellular 

digestion of macromolecules. This dynamic cellular compartment contains more than 60 

luminal hydrolytic enzymes, including proteases, nucleases, glycosidases, lipases, 

phospholipases, phosphatases and sulfatases. All hydrolases are functioning at acidic pH, 

which is maintained by vacuolar-type H+-ATPase and Cl- channel protein in the lysosomal 

membrane [89, 90]. The proteome of lysosomal membranes (130-150 different proteins) has 

been characterized in the year 2007 by Schroder et. al [91] by high throughput protein 

analysis techniques.   The most extensively studied lysosomal membrane proteins are highly 

glycosylated lysosomal associated membrane proteins (LAMPs) [92-94] and lysosomal 

integral membrane proteins (LIMPs) [95-97]. High level of glycosylation may protect the 

lysosomal membrane proteins from the lysosomal proteases in the lumen. Lysosomes are 

morphologically very heterogeneous [98, 99]. 

Lysosomes are only an integral part of extremely dynamic endosomal–lysosomal 

system, which is composed of continually communicating membrane bound vesicles involved 

in vectorial and regulated cargo transport and recycling.  



15 
 

The characteristics of lysosomes (acidic pH, presence of luminal acid hydrolases and 

LAMPs and absence of mannose-6-phosphate receptor – M6PR) are shared with a group of 

cell type specific organelles, which are called lysosome – related organelles (LRO). LROs 

include melanosomes of melanocytes, lytic granules of T lymphocytes, platelet – dense 

granules, basophil and azurophil granules of granulocytes. Common pathology of both 

lysosomes and LROs represents cellular basis for diseases such as Chediak-Higashi, 

Heřmanský-Pudlák or Griscelli syndromes [100]. 

 

2.2.2. Delivery of macromolecules to degradation in lysosomes  

 There are at least three pathways for entry of substrates to lysosomes – endocytosis, 

autophagocytosis and phagocytosis. Their individual utilization may be cell type specific. 

Endocytosis is general term used for the internalization of extracellular fluid or 

particles by invagination and pinching off of the plasma membrane [101, 102]. Every 

eukaryotic cell is capable of endocytosis. Endocytosed molecules are delivered in coated 

vesicles to small intracellular organelles - early endosomes (EE), which are slightly acidic 

(pH 6.0 – 6.2). In case of receptor mediated endocytosis, the pH sensitive ligand – receptor 

complexes dissociate and the receptors are recycled to the plasma membrane. From the EE the 

substrates pass on into late endosomes (LE). LE is the place where endocytosed substrates 

meet the lysosomal hydrolases and where the hydrolytic digestion starts. The interior of the 

LE is more acidic than EE (pH 5.5 – 6.0). Lysosomes are thought to be produced by 

maturation process from LE and their pH is about 4.5 - 5.5 [90]. The low pH is critical for 

optimal enzymatic function of luminal hydrolases.  

Autophagy as well as endocytosis occurs in all cell types. Autophagy represents a 

complex system of signalling and executive pathways that provide the cell with disposal 

mechanism of intracellular contents (proteins, membranes, organelles). The autophagic 

process can be activated either by stress conditions such as starvation or occurs as constitutive 

or regulative process. There are currently three recognised molecular variants of autophagy 

[103, 104]: macroautophagy/lysosomal system (MALS), microautophagy and chaperone – 

mediated autophagy (CMA). MALS designates a process when an impaired organelle(s) or 

portion of cytoplasm is delimited by autophagosomal membrane [105, 106]. The exact origin 

of matrix membrane for autophagosome constitution still remains unresolved, nevertheless its 

proteome has been defined in mammalian cells [107]. At the end of the process the 

autophagosomes fuse with LE and the degradation of the contents by lysosomal hydrolases 

begins. The hydrolytic products are recycled by a combination of passive diffusion and 
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specific transporters back into the cytosol where they can be reutilized [108]. Microautophagy 

and chaperone – mediated autophagy degrade cytosolic proteins by two different mechanisms. 

Microautophagy is a process, in which the lysosomal membrane itself engulfs a part of 

cytoplasm or small organelles such as peroxisomes (pexophagy). Chaperone – mediated 

autophagy (CMA) [109, 110] is, on the contrary, highly selective, because it requires a 

targeting sequence signal (KFERQ-like motifs) [108, 111] in the substrate protein. Molecular 

chaperones in the cytosol and in the lysosomal lumen (hsc70 and ly-hsc70) [112, 113] and a 

lysosomal membrane receptor system (LAMP2a isoform of LAMP2 protein) [114, 115] are 

essential for the direct transport of substrate proteins across the lysosomal membrane. CMA is 

activated under stress conditions, such as nutrient deprivation, oxidative stress and exposure 

to toxic compounds.  

The last major entry pathway into lysosomes is phagocytosis for degradation of 

extracellular material such as microorganisms and dead cells.  Phagocytosis is a process 

restricted to specialized immune system related cells such as macrophages, neutrophils and 

dendritic cells. The phagosomes fuse with LE or lysosomes and the ingested material is then 

degraded [116]. 

 

2.2.3. Transport of lysosomal proteins to lysosomes 

 Lysosomal hydrolases and membrane proteins are synthesized in the rough 

endoplasmic reticulum (ER) and are transported through the Golgi apparatus to the trans 

Golgi network (TGN). The transport vesicles arise by budding off from the TGN and deliver 

these proteins to late endosomes, which serve as molecular sorters in the endosomal-

lysosomal system.  

 Most of the soluble lysosomal enzymes are synthesized with N-linked high mannose-

type oligosaccharides [117]. The proteins move by vesicular transport from the rough ER to 

the Golgi apparatus where they go through various post-translational modifications. The most 

important modification for lysosomal targeting and sorting is the formation of the mannose-6-

phosphate (M6P) recognition marker. The M6P recognition signal is generated in a two step 

reaction [118, 119]. In the first step, the lysosomal enzymes are phosphorylated by UDP-N-

acetylglucosamine: lysosomal enzyme N-acetylglucosamine-1-phosphotransferase 

(phosphotransferase). This enzyme transfers N-acetylglucosamine-1-phosphate from UDP-N-

acetylglucosamine to the C6-hydroxyl group of a selected mannose residue on the high 

mannose-type oligosaccharide. In the following step, N-acetylglucosamine residues are 

cleaved off by the enzyme N-acetylglucosamine-1-phosphodiester α-N-acetylglucosaminidase 
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(phosphoglycosidase). The second reaction exposes the M6P recognition marker and allows 

the lysosomal enzyme to be recognised by mannose-6-phosphate receptors (MPRs). Because 

most lysosomal hydrolases contain multiple oligosaccharides, they may acquire more than 

one M6P residue, which thus provides a higher affinity signal for the MPRs. 

 There are two types of MPRs in mammalian cells [120-122]. Both receptors are 

membrane–associated glycoproteins and show similar, but not identical, binding specifities 

toward phosphorylated oligosaccharides. The first MPR has a Mr of 215,000 and its binding 

of ligand is independent of divalent cations (cation - independent MPR, CI-MPR). The second 

MPR has Mr of 46,000 and requires divalent cations for optimal ligand binding (cation – 

dependent MPR, CD-MPR). These two receptors further differ in their subcellular 

localization, quarternary structure, half life and in the effect of pH on ligand binding. Both 

bind ligand optimally at pH 6.0 - 6.3 (pH in the TGN) and have a sharp decrease in binding at 

pH values below 6.0. However, the CI-MPR binds ligand avidly at pH 7.4 while the CD-MPR 

is incapable to bind ligand at neutral pH. 

 The receptor proteins bind to lysosomal hydrolases on the luminal side of the TGN 

membrane and to adaptins participating in the assembly of clathrin coats on the cytosolic side. 

Cargo proteins can make an important contribution to their own sorting and formation of 

coated vesicles [123]. The vesicles deliver their contents to LE, where the low pH induces 

dissociation of lysosomal enzymes from MPRs. The hydrolases are afterwards 

dephosphorylated and MPRs are recycled back to the Golgi or to the plasma membrane. 

Palmitoylation is required for the recycling of the lysosomal sorting receptors back to the 

TGN [124]. Transport of MPRs to the LE or back to the TGN or plasma membrane is 

specified by signal peptides in the cytoplasmic tail of the MPRs [125-128]. Some newly 

synthesized lysosomal enzymes escape the binding to MPR in the TGN and are secreted. The 

CI-MPR localized at the plasma membrane is capable of binding the escaped M6P-containing 

lysosomal enzymes and return them by receptor – mediated endocytosis to lysosomes via 

early and late endosome.  

Some lysosomal hydrolases such as cathepsin B [129], acid α-glucosidase [130] and 

lysosomal acid phosphatase (LAP) [131] are delivered to the LE as precursor forms and they 

are processed in the acidic milieu of endosomes or lysosomes by autocatalytic proteolysis or 

other proteases. 

In addition to MPR–mediated trafficking there are alternative mechanisms of delivery 

of soluble lysosomal enzymes to the endosome-lysosome system. This finding is supported by 

the studies in patients with I-cell disease (ICD, mucolipidosis II, or ML II) [132] and of MPR 
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knockout – mice. All cells and tissues of ICD patients are deficient in the phosphotransferase 

activity, which means that lysosomal enzymes lack their M6P recognition signal and the 

lysosomal hydrolases are secreted. In spite of this finding not all cells are deficient in 

lysosomal enzyme content. Similarly, studies performed in MPRs - deficient mice [133] 

demonstrated cell type – specific MPR independent mechanisms for the transport of 

lysosomal hydrolases.  

Prosaposin, a precursor of four lysosomal saposins (A – D), acid sphingomyelinase 

(ASM) and GM2 activator protein, all belonging to the saposin – like protein (SAPLIP) 

family, share a common intracellular receptor - sortilin for sorting from TGN to the 

lysosomes [134-137]. Sortilin also functions as an alternative sorting receptor for cathepsin D 

and H [138]. Beta-glucocerebrosidase employs LIMP2 as a receptor molecule in the 

lysosomal membrane [139]. In addition, acid phosphatase most probably utilizes mannose-

phosphate mediated recycling pathway to lysosomes from cytoplasmic membrane [140].   

The lysosomal membrane proteins (LMP), such as LAMPs, LIMPs and other, are 

sorted from the TGN to the lysosomes by an M6P - independent pathway. The LMP leave the 

TGN in clathrin – coated vesicles distinct from those that transport the M6P – tagged 

hydrolases and they are delivered to lysosomes on the basis of either tyrosine or di-leucine –

targeting signals in their cytoplasmic C-terminal tails [131, 141, 142]. The signals are 

recognised by four heterotetrameric adaptor protein complexes (AP1 – 4) or by three 

monomeric adaptor proteins (GGA1 - 3). APs and GGAs play a significant role in the Golgi – 

endosome sorting, endocytosis and vesicle budding [123]. APs are involved in the transport of 

lysosomal membrane proteins (LAMPs, LIMPs and others) [94, 143] and sometimes M6PRs 

[144]. GGAs mediate sorting of M6PRs and sortilin [145, 146]. 

The lysosomal system and lysosomal proteins in C. elegans are discussed in section 

2.1.6. 

 

2.3. Lysosomal storage diseases 
 

2.3.1. Main features 

 Lysosomal storage diseases (LSDs) are a group of inherited metabolic diseases (IMD, 

inborn errors of metabolism), which are characterised by an accumulation of undegraded 

material in the lysosomes. The global incidence of LSDs as a group is about 1:6000 

newborns, but individually they are mostly very rare [147]. 
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There are 48 different storage disorders described to date [148]. The most recently 

characterized LSDs at the molecular level are MPSIIIC (appended publication 2), ceroid 

lipofuscinosis 9 - CLN9 deficiency [149], cathepsin D deficient NCL [150] and MFSD8 

deficient NCL [151]. Majority of LSDs are inherited in an autosomal recessive manner, with 

the exception of several X-linked disorders (see below). 

 LSDs are characterised by incomplete degradation of macromolecules and 

accumulation of partially degraded material in the lysosomes. The accumulation of 

undegraded material has been considered for a long time as the predominant reason of cellular 

and tissue damage and subsequent organ dysfunction. Current concept of pathogenesis of 

lysosomal storage accepts a paradigm of complex systemic pathologic consequences due to 

single protein deficiencies.  The predominant fraction of LSDs is caused by the deficiency of 

lysosomal hydrolases or their activators, however, several storage disorders result from the 

deficits of proteins, which are not directly involved in hydrolysis of molecules within the 

lysosome (e.g. Niemann-Pick type C1 a C2 (NPC 1) [152-154], Mucolipidosis type II ( I-cell 

disease) [155, 156] and Mucolipidosis type IV (ML IV) [157] or Dannon disease [158].  

The occurrence of lysosomal storage disorders is truly pan-ethnic, nevertheless certain 

ethnic groups with tendency to socio-economic clustering (Ashkenazi Jews and others) have 

higher incidence of these disorders. 

LSDs have a broad spectrum of clinical phenotypes. Furthermore a single disorder can 

vary in the age of onset and severity of symptoms including central nervous system (CNS) 

manifestation. Common symptoms of many LSDs include organomegaly, CNS dysfunction, 

bone abnormalities and coarse facial features.  

The predominating approach, beside others, to the treatment of LSDs is based on 

substitution of the defective protein with its active counterpart. Lysosomal proteins can reach 

lysosomes from the extracellular environment by receptor – mediated endocytosis via CI-

MPR or other receptors such as mannose receptor. Enzyme replacement therapy (ERT) is 

based on this finding and was first successfully used in patients with Gaucher disease [159]. 

Today the ERT is utilized for treatment of Gaucher disease [160], Fabry disease [161, 162], 

Hurler disease (MPS I) [163], Pompe disease [164, 165] and enzymes for treatment of other 

LSDs are currently tested in clinical trials. ERT has been demonstrated to improve non-

neuropathic symptoms but is currently virtually ineffective for neurological affection. The 

important aim of current research efforts is to achieve higher effectiveness of ERT [166, 167].  

Bone marrow transplantation also provides replacement of defective protein and was 

successfully applied in some forms of mucopolysaccharidosis, in non-neuropathic Gaucher 
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disease [168] and other disorders. However, it has high morbidity and mortality and poor 

donor availability which limit its clinical use. The targeting of the therapeutic enzymes to 

deficient cells in the central nervous system due to the blood-brain barrier (BBB) still 

represents a major pharmacokinetic problem for ERT.  

Gene therapy is an attractive therapeutic alternative. Gene therapy strategies are under 

development for both non-neurological and neuronopathic LSDs employing various animal 

models of LSDs [169-173]. In spite of the numerous studies over the decade there have still 

remained many limitations (transient expression, blood-brain barrier, humoral responses) for 

effective gene therapy of LSDs in humans.  

Additional currently used and explored approach is substrate reduction therapy (SRT) 

which modulates the availability of substrate by its modification or inhibition of its synthesis. 

SRT can improve the clinical symptomatology especially in patients with significant 

(relatively high) residual activity. For example, an inhibitor of a glucosylceramide synthase 

(N-butyldeoxynojirimycin) is effective in treatment of non-neuronopathic Gaucher disease 

[174, 175]. Oral administration of another inhibitor (1-ethylendioxyphenyl-2-palmitoylamino-

3-pyrrolidinopropanol, EtDO-P4) to Fabry disease mice resulted in the reduction of the 

overall amount of accumulated globotriaosylceramide [176].  

The most current therapeutic strategy - enzyme enhancement therapy (EET) [159], 

intends to stabilize and increase the residual activity/function of the mutated protein. EET is 

efficient in the cases in which certain mutations cause protein misfolding and aggregation, 

instability and /or altered trafficking to lysosomes. Molecular basis of EET is the use of low-

molecular-weight chaperones [177], which include substrate analogues, competitive 

inhibitors, or other modulators that can specifically and reversibly bind and stabilize the 

mutant proteins and thus diminish their endoplasmatic reticulum – associated degradation 

(ERAD). EET can be effective in the treatment of the neuropathic LSDs due to low-

molecular-weight of these compounds (pharmacological chaperons), which enables them to 

cross BBB.  Therapeutic use of specifically acting chaperones has been, so far, described in 

two LSDs  - D-galactose or 1-deoxygalctonojirimycin in Fabry disease [177, 178] and N-(n-

nonyl) deoxygalactonojirimycin in Gaucher´s disease [177]. 

 

2.3.2. Lysosomal storage diseases of our interest 

 We have focused on LSDs with impaired metabolism of glycans, namely on Fabry, 

Schindler, Pompe diseases and muccopolysaccharidosis (MPS) type IIIC. We hypothesized 

that the worm, which has active glycan metabolism, will have orthologs corresponding to 
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human enzymes deficient in the above disorders. The protein families of glycosidases which 

are deficient in the first three disorders are well characterised (see below) while the protein 

deficient in MPSIIIC was unknown and its enzymatic action was only partially characterized. 

The gene deficient in MPSIIIC was recently identified in our lab (appended publication 2) 

and, as will be shown later, there is no apparent ortholog in the worm. 

 

2.3.2.1. Fabry disease 

 Fabry disease (MIM no. 301500) is an X-linked recessive inborn error of 

glycosphingolipid catabolism resulting from the deficient activity of the lysosomal hydrolase 

α-galactosidase A (α-D-galactoside galactohydrolase; EC 3.2.1.22; α-GAL A). This 

enzymatic deficiency results in the progressive deposition of neutral glycosphingolipids with 

terminal α-galactosyl moieties in the lysosomes of endothelial, perithelial, and smooth-muscle 

cells of blood vessels and in other tissues such as heart, kidneys or eyes [179].  

Glycosphingolipids (GSL) are important constituents of the cytoplasmic membranes 

as well as intracellular membranes (e.g. Golgi and lysosomal membranes) and have a high 

metabolic turnover [179, 180]. The cells with the highest turnover, such as endothelial cells, 

perithelial cells and smooth-muscle cells of the cardiovascular and renal system, are the ones 

most affected in patients with Fabry disease. The major accumulated compound is 

globotriaosylceramide (Gb3Cer) followed by galabiosylceramide (Ga2Cer) [181]. The 

abnormal accumulation of blood group B glycosphingolipids with terminal α-galactosyl 

moieties has been reported in Fabry patients with B or AB blood types [182, 183]. However, 

the level of accumulation of blood group B glycosphingolipids is much lower compared to 

Gb3Cer and Ga2Cer. 

Alpha-galactosidase A gene has been localized to a region on the long arm of the X 

chromosome, Xq22.  The gene consists of seven exons and six introns and its length is 

approximately 12 kbp. Αlpha-GAL A gene contains a high number of repetitive sequences. 

There are 12 Alu repetitive elements distributed along the gene including 3´ flanking region. 

These repetitive sequences form about 30 percent of the gene, which makes α-GAL A gene 

one of the most Alu – rich genes with approximately 1 Alu per 1 kb. Several regulatory 

elements were identified in the 5´ flanking region of α-GAL A gene including one TATA, five 

CCAAT box and some other regulatory elements [184]. The promoter also contains CpG 

enriched regions (CpG islands) that are typically found in housekeeping genes, where they are 

implicated in transcriptional regulation and in maintaining inactivation of X chromosome 
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linked genes [185]. The full-length cDNA has 1393 bp and contains 60 bp of 5´ untranslated 

region, the initiation codon, and the entire open reading frame, which encoded a precursor 

protein of 429 amino acids including 31 amino acids long signal peptide. An unusual feature 

of α-GAL A cDNA is the absence of 3´ untranslated region. The polyadenylation signal 

sequence is immediately followed by the TAA termination codon [186]. RNA editing of 

human α-GAL A has been reported [187], however this finding has never been reconfirmed by 

another group [188]. Isolation and characterization of the human α-GAL A cDNA and DNA 

have enabled identification of the pathogenic variations causing Fabry disease. Over 240 

mostly private mutations have been identified including partial gene rearrangements, point 

mutations and splice–junction defects. Approximately 70 percent of the mutations are 

missense or nonsense mutations. The disease is therefore very heterogenous at the molecular 

level [179, 189].  

Alpha-GAL A belongs to the glycoside hydrolase family 27, clan D [190, 191]. 

Members of the family have been identified in animals, plants and microorganisms and they 

all share similar active site and reaction mechanism. The X–ray crystallographic structures of 

human α-GAL [192, 193] and rice α-GAL [194] have been determined. Preliminary structure 

of α-GAL I from Mortierella vinacea has also been reported [195]. Native human α-GAL A 

is a protein of about 101 kDa that forms a homodimer. The enzyme is relatively heat–labile 

glycoprotein. Alpha-GAL A monomer contains four potential N-glycosylation sites. Variant 

amounts of sialic acid residues in the carbohydrate sidechains result in different tissue forms 

of the enzyme [179]. Human α-GAL A has a homodimeric quarternary structure and each 

monomer unit is composed of two distinct domains. Domain I contains the active site and 

adopts a (β/α)8 barrel structure - a common motif in many glycoside hydrolases. Domain II 

has eight antiparallel β strands, packed into two β sheets in a β sandwich fold that contains a 

Greek key motif [193]. 

The clinical manifestations of Fabry disease apparently result mainly from progressive 

deposition of Gb3Cer, while exact molecular mechanisms leading to tissue damage are largely 

unknown [196]. Clinical onset usually occurs during childhood or adolescence, but it may be 

delayed until the second or third decade. Common features of the disease in affected 

hemizygotes are nephropathy, cardiopathy, angiokeratomas, clouding of the cornea and lens, 

hypohidrosis and pain of hands and feet, joints, muscles and abdomem. Stroke, seizures, heart 

disorders (ischemia and infarction) and kidney disorders with proteinuria and chronic renal 

failure develop in the third or fourth decade of life and result in premature mortality. Late–
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onset variants with predominantly neurological, cardiac or renal manifestations have also 

been described. So-called, “cardiac variant” of Fabry disease correlates with higher residual 

α-GAL A activities and certain mutations and is without clinical renal impairement [179]. 

Several mutations have been found in variant phenotypes [197]. The finding of patients with 

the same mutation but different phenotypes, suggest that other modifying factors may 

contribute to the phenotypic variability of Fabry disease [179]. All hemizygous males suffer 

from Fabry disease as well as majority of heterozygous females who may express moderate or 

even severe forms of the disorder, because of the X chromosome localization of the α-GAL A 

gene. The more severe forms are associated with skewed X chromosome inactivation [198]. 

Diagnosis of suspected hemizygotes is confirmed biochemically by demonstration of 

deficient α-GAL A activity in plasma, leukocytes or cultured cells. Fabry patients have 

increased levels of Gb3Cer in plasma or urinary sediment. Hemizygotes with classical 

phenotype usually have no detectable α-GAL A activity when measured with the addition of 

α-N-acetylgalactosaminidase inhibitor - N-acetylgalactosamine [199]. Reliable detection of 

heterozygotes is based on DNA analysis. X-chromosome inactivation can be studied by 

analysis of DNA methylation of the X chromosome at the androgen receptor gene HUMARA 

[200]. 

Until recently the treatment of Fabry patients has been solely symptomatic. Few years 

ago two recombinant α-galactosidases A, agalsidase α (ReplagalR) and agalsidase β 

(FabrazymeR), have been approved for the ERT of Fabry disease (see section 2.3.1). It was 

shown that ERT is well tolerated, decreases the risk of additional complications and relieves 

the pain attacks. Unfortunately, in patients with fully developed symptoms it only slows the 

disease progression [161, 162, 201, 202] and it remains to be seen whether early treatment 

will prevent or mitigate symptoms. The effects of ERT on the tissue and cellular level in 

Fabry disease are currently under intensive study. Recent reports demonstrate variable 

distribution patterns of the recombinant enzyme throughout the lysosomal system of different 

cell types [203].  The prenatal diagnosis is used for prevention of the disease in the affected 

families.  

 

2.3.2.2. Schindler disease 

 Schindler disease (MIM no. 609241-2) is a rare autosomal recessive disorder caused 

by the deficient activity of α-N-acetylgalactosaminidase (α-N-acetyl-D-galactosamide: N-

acetylgalactosaminohydrolase; EC 3.2.1.49; α-NAGA). The enzymatic defect leads to the 
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accumulation of sialylated- and asialoglycopeptides, glycosphingolipids (e.g. blood group A 

glycosphingolipids) and oligosaccharides with α-N-acetylgalactosaminyl residues in various 

tissues and fluids [204]. 

 Early studies suggested that human α-N-acetylgalactosaminidase, which was 

previously referenced as lysosomal α-galactosidase B, is a glycoform of α-galactosidase A. 

Purified enzymes had similar physical properties, including subunit molecular mass (~ 46 

kDa), homodimeric structure, and amino acid sequences. However subsequent studies 

demonstrated kinetic, structural, and immunologic differences which indicated that these 

enzymes (α-GAL A and α-NAGA) were not glycoforms, but products of two different  genes 

[205-207]. The two genes differ in the number of exons and in the number, position and 

orientation of Alu repeats. Exons 2 – 7 of the α-NAGA gene show considerable similarity to 

the first six exons of α-GAL A gene, contrary to little homology between the α-GAL A exons 

7 and α-NAGA exons 8 and 9. Because of the remarkable amino acids identity (49 %) and 

similarity between the two genes (63 %), Wang and co-workers suggested that these two 

genes evolved by duplication and divergence from a common ancestral gene [208, 209]. 

 Alpha-NAGA gene has been localized to the chromosomal region 22q13.1 – 13.2. Its 

gene consists of nine exons ranging in length from 95 bp (exon 5) to 649 bp (exon 9). The 3.6 

kb full – length cDNA and the entire 14 kbp gene have been isolated and sequenced [208, 

210]. A precursor peptide of α-NAGA consists of 411 aminoacids including a 17 aminoacids 

signal peptide. 

 Human α-NAGA is a relatively thermostable enzyme with a native molecular weight 

of about 110 kDa and homodimeric structure. α-NAGA is a member of the glycoside 

hydrolase family 27 clan D like α-GAL A. Alpha-NAGA monomer contains six potential N-

glycosylation sites and four of them are conserved in identical positions as in human and 

murine α-GAL. Alpha-NAGA, likewise α-GAL A, has complex, high mannose, and hybrid-

type oligosaccharide structures that are similarly phosphorylated [211]. The structure of 

chicken α-NAGA has been determined by X – ray crystallography [212] and was found to be 

highly similar to the structure of human α-GAL A (see above). 

 Schindler disease is clinically heterogenous and three phenotypically distinct forms of 

the disorder were identified [204]. Type I disease is characterized by normal development in 

the first year of life, followed by rapid neurodegenerative course. Type II disease is an adult-

onset form characterized by angiokeratoma corporis diffusum and mild intellectual 

impairment. Type III disease is an intermediate and variable form with manifestations ranging 
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from epilepsy and mental retardation in infancy to autistic presentation in early childhood. All 

three forms of the Schindler disease have very low levels of α-NAGA activity and identical 

patterns of urinary oligosaccharide and glycopeptide accumulation. The fundamental cellular 

pathogenesis of the disease is still unclear. 

Suspected patients can be initially screened by the analysis of the urinary 

oligosaccharides and glycopeptides. The diagnosis is confirmed by the determination of α-

NAGA activity in various tissues or body fluids (plasma, leukocytes, cultured lymphoblasts or 

cultured skin fibroblasts) and in case of prenatal diagnosis in chorionic villi or cultured 

amniocytes. 

Currently there is no specific treatment for the Schindler disease available. 

 

2.3.2.3. Glycogen storage disease type II (Pompe disease) 

 Glycogen storage disease type II (GSD II), also named Pompe disease or acid α-

glucosidase deficiency (MIM no. 232300), is an autosomal recessive disorder of glycogen 

metabolism resulting from the deficient activity of the lysosomal hydrolase acid α-

glucosidase (alpha-D-glucoside glucohydrolase; EC 3.2.1.20; GAA). The hydrolysis of 

glycogen by GAA in lysosomes is one of its degradation pathways. Glycogen is delivered to 

lysosomes by no other means but autophagy [213]. The enzyme deficiency results in 

intralysosomal accumulation of glycogen of normal structure in various tissues and organs, 

mainly in cardiac and skeletal muscles and in hepatocytes [130]. 

 GAA gene is localized at the long arm of chromosome 17, 17q25.2-q25.3 and its 

structure including mRNA splicing has been delineated in detail [214, 215]. The gene consists 

of 20 exons and its length is approximately 20 kbp. The first exon is non – coding and exons 

10 and 11 contain the evolutionarily conserved catalytic site domain. The promoter has 

features characteristic of a housekeeping gene. The GC content is high (about 80 %) and 

obvious TATA and CCAAT motifs are lacking. The cDNA is over 3.6 kb long, with 2859 

nucleotides of coding sequence. More than 20 single nucleotide polymorphisms (SNPs) have 

been reported in the coding region of GAA gene. These normal genetic variants were 

suggested to interact with mutations and modulate the resulting phenotype [130]. 

Approximately 300 mutations [216] have been identified including point mutations, splice – 

junction defects, small deletions and insertions and large deletions. 

 GAA is a glycoprotein that catalyzes the hydrolysis of α-1,4- and α-1,6-glucosidic 

bonds. Human GAA, as deduced from the cDNA sequence, consist of 952 amino acids and 
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the molecular weight of the non-glycosylated protein was estimated to be 105 kDa. The 

primary structure of GAA indicates that there are seven potential N-glycosylation sites. All of 

these sites can be glycosylated and at least two of the oligosaccharide side chains are 

phosphorylated [217]. The enzyme is additionally modified by both N- and C- terminal 

proteolytic cleavage, primarily within lysosomes. These modifications are essential for 

catalytic activity [130, 218].  

GAA belongs to the glycosyl hydrolases family 31 (GH31) which includes many 

others hydrolases from different eukaryotic and prokaryotic organism, all having significant 

sequence similarity [190, 219-222]. Human genome contains at least four other paralogs 

belonging to the family GH31 – sucrase-isomaltase (SUIS) and maltase-glucoamylase (MGA) 

with acid pH optimum and glucosidase II alpha subunit (GANAB) and neutral α-glucosidase 

C (GANC) functioning at neutral pH. All five proteins share common GH31 active side 

sequence [223]. Orthologs of GAA have been identified in vertebrates, including mammals 

and birds, C. elegans, yeast, prokaryotes and plants [130]. YicI from Escherichia coli [219], 

MalA from Sulfolobus solfataricus [224] and N-terminal subunit of human maltase-

glucoamylase (NtMGA) [225] are the only enzymes of family GH31, for which the three-

dimensional (3D) structure has been determined. The catalytic domain is composed of (β/α)8 

barrel structure (for details about GH31 structural properties see appended submitted 

manuscript). High level of structural similarity provides convenient conditions for 

understanding influence of various mutations on the protein functions in humans [219]. 

Clinical presentation of GSD II spans a range of clinical phenotypes, all of which 

include varying degrees of myopathy but differ in the age of onset, extent of accumulation of 

glycogen in organs and rate of progression. The most severe is the classic infantile–onset 

disease, characterized by cardiomegaly, hypotonia, hepatomegaly and death usually before 2 

years of age. The other extreme of the phenotypic spectrum is slowly progressive adult–onset 

variant dominated by proximal myopathy. Between these two forms, there is a heterogenous 

continuum of clinical phenotypes, variously termed childhood, juvenile, or muscular variants.  

Patients usually succumb to respiratory failure. 

Clinical diagnosis is confirmed by the demonstration of deficient GAA activity mainly 

in muscle, fibroblasts, lymphocytes, leukocytes, urine, and in case of prenatal diagnosis in 

chorionic villi or cultured amniotic cells. Acarbose, as a potent inhibitor of SUIS and MGA, is 

used for the direct and specific measuerement of GAA activity [226]. Residual enzyme 

activity can overlap with activity found in healthy heterozygote carriers. The ultimate 

diagnostic tool is direct DNA – based detection of pathogenic variations in GAA gene. 
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Prior to 2006 effective therapy was not available, although supportive therapy can 

have significant impact on patients with late – onset disease. Clinical trials with recombinant 

GAA (aglucosidase alfa, Myozyme) showed prolonged survival, reversal of cardiomyopathy 

and motor gains in infantile patients. On the basis of these results Myozyme was approved for 

the ERT of Pompe disease [165]. Suitable gene therapy is under investigation [173, 227, 228]. 

The successful development of gene therapy in GAA-knockout mice indicates that this 

approach could be applicable for treatment of GSD II. 

There are several animal models of the GSD II (e.g. cattle, dog, quail, cat, sheep and 

mouse), either occurring naturally or developed by genetic engineering [130]. Based on the 

data that demonstrate the importance of glycogen metabolism in nematodes [229, 230], we 

reasoned that C. elegans may be an additional suitable model for GSD II.  

 

2.3.2.4. Mucopolysaccharidosis III C (Sanfilippo syndrome C) 

 The mucopolysaccharidoses (MPS) are a family of inherited lysosomal storage 

disorders caused by deficiencies of enzymes catalyzing the degradation of 

glycosaminoglycans (GAG), such as dermatan sulphate, heparan sulphate, keratan sulphate, 

chondroitin sulphate or hyaluran. The undegraded or partially degraded GAGs are then 

accumulated in lysosomes, which results in cell, tissue and organ dysfunction, and increased 

excretion of GAGs in urine. There are 11 known enzyme deficiencies that result in 8 distinct 

MPS (MPS I – VII and IX) [231].  

 The mucopolysaccharidosis III C (MPS IIIC), also called Sanfilippo syndrome C 

(MIM no. 252930), is a rare autosomal recessive disorder of mucopolysaccharide catabolism 

caused by the inherited deficiency of the lysosomal membrane enzyme heparin acetyl-

coenzyme A (CoA):α-glucosaminide N-acetyltransferase (N-acetyltransferase, HGSNAT; EC 

2.3.1.78), which leads to the intralysosomal storage of heparan sulphate in all organs and its 

excretion in urine. 

 Heparan sulphate is a polysaccharide which is synthesized and transported to the cell 

surface or extracellular matrix as a component of proteoglycans, which fulfil diverse biologic 

functions such as binding and activation of growth factors and/or may participate in the 

regulation of cell adhesion and migration [232, 233]. 

 Until recently, N-acetyltransferase gene had not been identified and its protein 

structure characterized. Ausseil and co-workers mapped N-acetyltransferase gene to an 8.3 

cM (16Mbp) interval in the pericentromeric region of chromosome 8 [234]. The region 

contained about 87 predicted or known genes. Biochemical studies showed that N-
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acetyltransferase is an integral membrane protein and its incubation with acetyl[14C]CoA in 

the absence of the acceptor of the acetyl group resulted in radioactive labelling of a 120 kDa 

polypeptide, which suggests that it represents a subunit containing the enzyme active site. 

This finding was further supported by the absence of this labeled polypeptide in the cells of 

MPS III C patients [235]. The N-acetyltransferase gene has been identified recently [236] 

(appended publication 2). The gene maps to 8p11.1 and encodes a 73 kDa protein with 

predicted multiple transmembrane domains and glycosylation sites (the transmembrane 

protein 76 (TMEM 76), identical to HGSNAT). 

 The N-acetyltransferase is the only known lysosomal enzyme that is not a hydrolase. It 

catalyzes the acetylation of the terminal glucosamine residues of heparan sulphate that cannot 

be hydrolyzed directly. It is inferred that the enzyme acetylates itself on the cytoplasmic side 

of the lysosomes by transfer of acetyl group from acetyl-CoA. This part of the reaction occurs 

at neutral pH. Acetyl group is then transferred to the luminal side and is used to acetylate 

heparan sulphate [237]. This two – step mechanism has been further confirmed by a finding 

that cells from some MPS III C patients can catalyze the first part of the reaction but not the 

second, whereas cells from other MPS III C patients lack both activities [238]. 

  All Sanfilippo disorders (A, B, C a D) are clinically similar. MPS III C is 

characterised by severe CNS degeneration (progressive neuropsychiatric problems, mental 

retardation associated with hearing loss). Somatic symptoms include hepatomegaly, short 

stature, joint stiffness, coarse facial features and hypertrichosis are mostly mild compared to 

other mucopolysaccharidoses. Clinically, the onset usually occurs between the second and 

sixth year of life [231, 239]. 

 The diagnosis of MPSs is based on the analysis of urinary GAGs - a method that still 

continues to be used as a valid screening test. The precise diagnosis is confirmed by the 

enzymatic activity assay [240, 241]. The diagnostic algorithms including those for prenatal 

testing in affected families are similar to other lysosomal enzymatic deficiencies combining 

biochemical and lately also DNA based approaches.  

 
2.3.3. Lipid rafts and composition of lysosomal membrane 

 It has been shown that N-acetyltransferase is associated with lipid rafts in lysosomal 

membrane [242]. Lipid rafts [243, 244] are dynamic and heterogenous membrane 

microdomains that are enriched in cholesterol and glycosphingolipids and have specific lipid 

and protein composition. Lipid rafts are also called detergent resistant membranes (DRMs), 
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because these domains are not readily solubilised in non-ionic detergents such as Triton X-

100 or 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS). DRMs 

were first described in the cytoplasmic membrane and lately also in other intracellular 

compartment, such as ER, GN, mitochondria and lysosomal-endosomal system [242, 245-

247]. Lipid rafts play active roles in various physiological processes including signal 

transduction, vesicle trafficking (sorting in TGN and endosomes) [248], cell adhesion and 

motility, entry of pathogenic viruses or bacterial toxins such as cholera toxin, which binds the 

DRM-enriched ganglioside GM1 [249, 250]. Proper constitution of lysosomal membrane 

microdomains is necessary for chaperone-mediated autophagy [115]. LAMP 2A, a receptor of 

CMA, is concentrated in DRMs at the lysosomal membrane and its dynamic association with 

these microdomains and distribution between the membrane and lysosomal lumen plays a key 

role in CMA regulation. Additional information about the functions and composition of 

lysosomal membrane DRMs and their roles in molecular pathology of LSDs is continually 

becoming available.   
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3. Aims of the study 

 
Study of cellular pathology of human lysosomal diseases is very important and 

interesting because it enables us to understand the related biological processes in cells. Not 

everything is practicable to study on patients, so it is important and needful to use animal 

models. However, work with mammalian animal models is on overall very complicated and 

demanding. C. elegans is a simple multicellular organism which was previously used to 

successfully study several human diseases including some lysosomal storage disorders caused 

by deficiency of lysosomal non-catalytic proteins. It represents ideal intermediate stage 

between study of tissue culture and mammalian models.  

Subject of this Ph.D. thesis was to study selected deficits of lysosomal 

glycoconjugates degradation (Fabry, Schindler, Pompe and Mucopolysaccharidosis IIIC 

diseases) in term of cell biology, biochemistry and genetics and find out if C. elegans is 

suitable model for lysosomal enzymopathies. First task was to find and characterize the true 

C. elegans orthologs and then perform systematic RNA-mediated interference assays of these 

orthologous genes with subsequent characterization of phenotype of interfered organisms. Not 

all lysosomal proteins have their orthologs in C. elegans and one example is human Acetyl-

CoA: glucosaminide N-acetyltransferase (HGSNAT), deficit of which leads to MPS IIIC. 

Based on this finding we could not study this lysosomal membrane protein in C. elegans. I 

participated in the discovery of the gene coding HGSNAT and other aims of this study were 

to perform basic bionformatic analysis and characterize tissue and cellular distributions of 

HGSNAT mainly at microscopical level. 

This work is composed of three sections and partial goals of each part are listed below.  

 

3.1. Aims of the first part of the study 

• To identify C. elegans orthologs of human α-galactosidase and α-N-acetyl-

galactosaminidase which are presumed to share a common ancestor. 

• To verify the predicted gene and characterize it on the cDNA level. 

• To study its biological functions during C. elegans lifetime by RNA-mediated 

interference. 

• To study its expression pattern by using extrachromosomal GFP array. 

• To study the phylogeny of the orthologous genes. 
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• To study expression of C. elegans ortholog in wild-type and knockout mouse 

fibroblasts. 

• To evaluate a suitability of C. elegans as a model organism for studying two 

lysosomal enzymopathies - Fabry and Schindler diseases. 

 

3.2. Aims of the second part of the study 

• To identify C. elegans orthologs of human acid α-glucosidase. 

• To verify the predicted or partially confirmed genes and characterize them on the 

cDNA level. 

• To study their biological functions during C. elegans lifetime by RNA-mediated 

interference. 

• To characterize acquired deletion strains generated by C. elegans Gene Knockout 

Consortium. 

• To study expression pattern of orthologous genes with acidic pH optimum by using 

extrachromosomal GFP arrays. 

• To study the phylogeny of the orthologous genes. 

• To evaluate a suitability of C. elegans as a model organism for studying glycogen 

lysosomal storage (Pompe disease). 

 

3.3. Aims of the third part of the study 

• To verify the sequence of the predicted gene of human acetyl-coenzyme A: α-glucos-

aminide N-acetyltransferase (HGSNAT) on the cDNA level. 

• To identify splice variants of HGSNAT and human tissues in which is HGSNAT 

expressed. 

• To perform basic bioinformatic analyses. 

• To identify and characterize C. elegans ortholog of human HGSNAT. 

• To study the cellular distribution of human HGSNAT and its relation to lysosomal 

microdomains by immunofluorescence microscopy. 
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4. Materials and methods 

 
4.1. General techniques 

 
4.1.1 Preparation of genomic DNA and cDNA 

Mixed stage C. elegans culture and cultured skin mouse or human fibroblasts were 

used for preparation of total RNA [251] which was reverse-transcribed using SuperScriptII 

reverse transcriptase (Invitrogen) and oligo dT18 according to protocol supplied by the 

manufacturer (Invitrogen). Genomic DNA was isolated from cultured mouse or human skin 

fibroblasts by standard phenol extraction method [252]. 

 

4.1.2 Polymerase chain reaction (PCR)  

PCR reactions were performed according to generally accepted protocols [253] using 

specific primers (section 10.1, Tables 8-11) and templates (gDNA, cDNA, plasmid DNA, and 

Human Multiple Tissue cDNA (MTC) Panel 1 - CLONTECH Laboratories, Inc). We used 

combination of DNA polymerases - KlenTaq (GeneAge) and DeepVent (New England 

Biolabs). PCR amplifications of each DNA fragment were done under specific conditions 

(first denaturation step for 1 min at 94 oC, then 35 cycles, each composed of three steps: 

denaturation step for 15 or 20 s at 94 oC, annealing step for 55 s at 57 – 67 oC and extension 

step for approximately 1 min per 1 kb at 68 – 72 oC, the terminative extension step for 10 min 

at 68 – 72 oC). All PCR reactions were performed on thermal cyclers DNA Engine PTC-200, 

DNA Engine tetrad PTC-225 and DNA Engine DYADTM (MJ Research). 

 

4.1.3 Cloning of DNA, isolation of plasmids and DNA sequencing  

Cloning into TOPO vectors (pCR 2.1, pCRII and pCR-XL) was performed according 

to manufacturer´s protocol with TOPO TA cloning kits (Invitrogen). T4 DNA Ligase was 

used (Invitrogene, Fermentas) for cloning into other vectors (L4440, pPD95.75, pPD95.67 – 

provided by Dr. A. Fire - Stanford University, and pCMVTag1). Gel purified DNA fragments 

(High Pure PCR Product Purification Kit, Roche) were ligated overnight into previously 

linearized vectors (see particular sections) at 16 oC. Transformation of competent cells TOP10 

(Invitrogen) was performed by heat shock at 42oC for 30s. Cells were spread after 

transformation on LB agar (LB medium with agar (15g per liter)) plates with appropriate 

antibiotic for selection and were allowed to grow overnight at 37 oC. Single colonies were 
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picked up and cultured overnight in LB medium (1% Tryptone, 0,5% Yeast Extract, 1% 

NaCl, pH7.0) with appropriate antibiotic. Plasmid DNAs were isolated by JETquick Plasmid 

Miniprep Spin Kit (Genomed) or in case of transfection by EndoFree Plasmid Maxi Kit 

(Qiagen) according to manufacturer´s protocols. We analyzed the plasmids for inserts by 

restriction analysis and/or by PCR screening. DNA sequences of inserts and whole costructs 

were verified by direct sequencing on the automated fluorescent sequencer Li-Cor (LI-COR, 

Inc.), AlfExpress (Pharmacia Biotech) or ABI 3100 – Avant sequencer (Applied Biosystems, 

USA). 

 

4.1.4 Signal sequence, transmembrane domains and potentional N-glycosylation sites 

prediction 

 All  predictions mentioned in this section were performed by CBS prediction servers 

[254]. Signal peptide sequences were predicted by SignalP (version 3.0) server and TargetP 

(version 1.1) server was used for prediction of intracellular protein targeting. Transmembrane 

domains prediction in HGSNAT was performed by TMHMM (version 2.0) server and 

potentional N-glycosylation sites in HGSNAT sequence was predicted by server NetNGlyc 

(version 1.0) which is designated for prediction of N-linked glycosylation sites in human 

proteins. All these predictions were done under predefined default values. 

 

4.1.5 Total protein determination  

Concentration of total protein in the samples was determinated by Hartree method 

(modification of Lowry method) [255]. Concentration series of standard solution bovine 

serum albumin (BSA) was used for calibration. 5 or 10 µl aliquots of sample homogenates 

were used. Absorbance was measured on the UV/VIS spectrofotometer (Unicam UV 2-100, 

U.K.), wavelength 650 nm.  

  

4.1.6 Microscopic techniques 

Worms and cultured mouse and human skin fibroblasts were evaluated under 

epifluorescence microscope (Nikon, TE 2000E) equipped with Nomarski DIC optics and 

confocal laser scanning head C1si (for detailed microscope setup see http://udmp.lf1.cuni.cz/). 

EZ-C1 (Nikon), Imaris Personal (Bitplane, Switzerland) and Image J (NIH, Bethesda) 

software packages were used for image analysis and 3D rendering. Confocal images were 

deconvolved with theoretical PSF using Huygens Professional (SVI, The Netherlands) 

Software. The potential spectral contamination of GFP signal (excited by 488 nm laser) by 
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unspecific intestinal autofluorescence of worms was eliminated by the use of single value 

decomposition/linear unmixing algorithm [256] applied to spectrally acquired confocal 

images. This approach is demonstrated on the Figure 20. 

 

4.2. C. elegans related techniques 

4.2.1 C. elegans strains and cultivation  

The wild-type Bristol N2 and other strains of C. elegans were cultured under standard 

laboratory conditions as described previously [2]. Worms were maintained on nematode 

growth medium (NGM) agar (17g of Bacto Agar, 2.5 g of Bacto Pepton, 3 g of NaCl, 1 ml of 

Cholesterol (5 mg/ml in Ethanol), H2O to 1l, after autoclaving were added 25 ml of 1 M 

KH2PO4, 1 ml of 1 M CaCl2 and 1 ml of 1 M MgSO4) in Petri dishes and were fed on E.coli 

strain OP50. RRF3 strain [257] and GS1912 strain [50] were used for some RNAi 

experiments. These nematode strains were provided by the C. elegans Genetics Center [258] 

(CGC). Deletion mutants of aagr-1 (ok2317) and aagr-4 (ok1423) were generated by the C. 

elegans Gene Knockout Consortium [259].  

 

4.2.2 Single worm PCR (swPCR) 

 Individual worms were transferred to 3 ul drop of lysis buffer (50 mM KCl, 10 mM 

TRIS-HCL pH 8,3, 2,5 mM MgCl2, 0,45% Tween 20, 0,01% gelatine and 200 µg/ml 

proteinase K) in the cap of 0,5 µl PCR tube. The tube was spun, afterwards, to move the drop 

with worm to its bottom. Samples were frozen for at least 10 min at -80 oC and then heated 

for 1 hour at 60 oC, 15 min at 95 oC and cooled down to 4 oC. DNA from a single worm 

prepared by this way was used as the template for an appropriate PCR reaction (see section 

4.1.2). 
 

4.2.3 BLAST searches 

Wormbase (2002-2008 consecutive and freeze versions, http://www.wormbase.org/) 

databases were repeatedly searched for human α-GAL, α-NAGA and GAA orthologs in C. 

elegans using BLASTP program set at default values [260]. Amino acid sequence of human 

lysosomal α-GAL (GenBank acc. no. NP_000160), α-NAGA (GenBank acc. no. NP_000253) 

and GAA (GenBank acc. no. NP_000143) were used as a query sequences (GenBank [261]). 
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4.2.4 cDNA amplification, sequencing and gene prediction confirmation 

Total RNA was isolated from mixed stage N2 cultures [251] and reversely transcribed 

with oligo dT-T7 (5´- AATACGACTCACTATAG) primer and Superscript reverse 

transcriptase (Invitrogen). The coding sequences of  R07B7.11  (gana-1) and D2096.12, 

D2096.3 (aagr-1), R05F9.12 (aagr-2), F40F9.6 (aagr-3) and F52D1.1 (aagr-4) were PCR 

amplified in partially overlapping fragments with intragenic primers designed according to 

available Wormbase [29] and Worfdb [27] predictions and EST alignments. SL1 (5´-

GGTTTAATTACCCAAGTTTGAG) and SL2 (5´-GGTTTTAACCCAGTTACTCAAG) 

together with gene specific anti-sense primers were used to amplify 5´ UTR of the cDNAs 

and to evaluate the mode of trans splicing of the appropriate mRNAs. The 3´ ends of cDNAs 

were amplified with T7 primer and gene specific sense primers to characterize 

polyadenylation sites. PCR products were cloned with TOPO TA cloning kit (Invitrogen) into 

the pCR 2.1 vector. Positive clones were sequenced on the Li-Cor automated fluorescent 

sequencer, resultant sequences were aligned with corresponding genomic cosmid sequences 

in the AlignIR software (Li-Cor) to evaluate splicing boundaries and overall gene 

organisation. 

 
4.2.5 RNA mediated interference 

 The entire coding sequence of gana-1 was used for RNAi experiments. For RNAi 

assays of particular aagrs we selected regions of aagr-1-4 cDNAs with the lowest 

similarity/identity between otherwise homologous sequences (for details see appended 

submitted manuscript). The selected regions of aagr-1-4 were as follows: 1500-2226 bp 

(aagr-1), 1-1161 bp (aagr-2), 1925-3054 bp (aagr-3) and 55-799 bp (aagr-4) where adenine 

from ATG initiation codon was marked as nucleotide +1. The selected cDNA sequences were 

amplified by PCR with gene specific primers. 

 PCR products were cloned into the double promoter pCRII-TOPO vector (Invitrogen) 

for the purposes of successive microinjection mediated RNAi experiments. Resultant 

constructs were separately linearized and used as templates for in-vitro transcription 

employing In Vitro Transcription KIT (Promega) using T3 and SP6 RNA polymerases. Single 

stranded antisense RNA molecules were annealed for 30 minutes at room temperature to 

generate double stranded RNAs (dsRNAs) which were then treated with DNase I (New 

England Biolabs). Standard protocols were used for dsRNA microinjection [9] of L4/young 

adult hermaphrodites´ germline syncytium. 8-10 worms were microinjected with dsRNA or 
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water (control) in each experiment. F1 progeny of injected animals was screened for 

morphological RNAi effects. 

PCR products were cloned into L4440 double T7 promoter vector (supplied by Dr. 

Andrew Fire, Standford University) for RNAi feeding experiments. In case of aagr-1-4 the 

PCR products were first cloned into the pCRII-TOPO vector (Invitrogen) and checked by 

sequencing. The aagrs clone were then digested from the pCRII-TOPO vector (aagr-1 – dual 

EcoRI, aagr-2 and -3 – AvaI/HindIII and aagr-4 – dual AvaI digestion). Acquired fragments 

were gel purified and ligated into L4440 vector. The plasmids were transformed into E. coli 

strain HT115 [8] carrying IPTG inducible T7 RNA polymerase. Worms were fed on induced 

HT115 E. coli carrying the relevant L4440 construct. Worms fed on HT115 carrying L4440 

plasmid without insert were used as a control. F1 and F2 progeny was screened for 

morphological phenotypes.  

Interfered nematodes were treated as described in section 4.2.6 for biochemical 

measurements.  

 
4.2.6 Determination of α-galactosidase, α-N-acetylgalactosaminidase, α-glucosidase and 

β-hexosaminidase (control) activities 

 Enzyme activities were determined in the crude homogenate of worms. Prior to all 

activity measurements worms were washed from culture plates and repeatedly rinsed and 

centrifuged in M9 buffer (6g of Na2HPO4, 3g of KH2PO4, 5g of NaCl, 0,5g of MgSO4.7H2O, 

H2O to 1l) and finally pelleted by centrifugation. 4-methylumbelliferyl (MU)-α-D-

galactopyranoside (1mM), 4-MU-α-D-N-acetylgalactosaminide (1mM) and 4-MU-β-D-

glucopyranoside (2,5 mM) in the McIlvaine buffer (0.1M citrate/0.2M phosphate buffer, pH 

4,7) and 4-MU-α−D-glucopyranoside (1,26 mM) in the McIlvaine buffer (pH 4,0 or 6,5), 

were used as enzyme substrates. Reaction mixtures (20 µl of enzyme substrate and 10 or 20 µl 

of sample solution) were incubated at 37°C (α-Gal for 30 min, α- NAGA for 60 min, α-Glu 

for 60 min and β-Hex for 15 min). Reactions were stopped by 600 µl of 0.2 M glycine/ NaOH 

buffer (pH 10,6) [199, 262]. The activities were also determined at 25°C in normal N2 strain 

homogenates. For some measurements of α-galactosidase and α-N-acetylgalactosaminidase 

activities inhibitors N-acetyl-D-galactosamine (0,1 M) (Sigma), D-galactose (0,1 M) (Sigma) 

or D-glucose (0,1 M) (Sigma) were added and for selected measurements of α-glucosidase 

activity selective inhibitor acarbose (8 µM) (Sigma) [226] was added to the reaction mixture. 

Fluorescence signal of the 4-methylumbelliferone was measured on the luminiscence 
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spectrofotometer LS 50B (Perkin-Elmer) (excitation 365 nm and emission 448 nm). 4-

methylumbelliferone (1µM) was used for calibration (blank, 0,2, 0,4, and 0,6 µM solutions). 

All measurements were performed in doublets. 

 

4.2.7 Transgenic GFP expression 

Mixed stage N2 nematode culture genomic DNA was used as a template to amplify 

inserts including regulatory and part or whole coding sequence of the analysed genes. The 

PCR products were cloned in-frame with GFP coding sequence of the vectors pPD95.67 

containing a nuclear localization sequence (NLS) and/or pPD95.75 without NLS (both vectors 

supplied by Dr. Andrew Fire, Standford University). Extrachromosomal transgene expressing 

lineages were generated by co-injecting plasmid DNA along with the marker plasmid pRF4 

(containing the rol–6(su1006) mutant collagen gene) at the total concentration of 100 ng/µl 

into L4/young adult germline syncytium of N2 worms [263]. Presence of the transgene was 

verified both in plasmid DNA and RNA by PCR and sequencing. The transgenic progeny was 

screened for GFP signal by epifluorescence microscopy (see section 4.1.6).  

  
4.2.7.1 Preparation of gana-1 GFP fusion construct 

 The entire coding region of the gana-1 gene together with 3 kb of its 5´ upstream 

sequences was amplified by a nested PCR reaction using DyNAzyme EXTTM PCR system 

(Finnzymes) for preparation of long PCR products and two pairs of gene specific primers 

(section 10.1, Table 8). The internal primers contain overhang with restriction sites of SphI 

and SalI respectively. The amplified 4709 bp long PCR product was cloned into pCR-XL-

TOPO vector using TOPO XL PCR cloning kit (Invitrogen). The SphI and SalI restriction 

fragment of gana-1 was recloned in frame with GFP to the corresponding restriction sites in 

the digested GFP reporter vector pPD95.67. Accuracy of the gana-1::GFP transgene was 

confirmed by sequencing. 

 

4.2.7.2 Preparation of the aagr-1 and aagr-2 GFP fusion constructs 

In the first step was amplified the 6 kb fragment spanning 459-6599 bp of cosmid 

D2096. The PCR product was used as a template for three second round PCR reactions with 

specific sense primers aligning at  711-730 (construct pJS6), 2942-2962 (construct pJS4) and 

5446-5463 nucleotide  (construct pJS1) of the D2096 cosmid sequence and containing 

overhang with restriction site of PstI. As the second primer was used universal antisense 

primer aligning at 6220-6241 nucleotide of the D2096 cosmid with overhang containing 
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restriction site of BamHI (primers in Table 9, section 10.1). Acquired PCR products 5531 bp 

(pJS6), 3300bp (pJS4) and 796bp (pJS1), respectively, were cloned using TOPO XL PCR 

cloning kit (Invitrogen) into pCR-XL-TOPO vector. The PstI and BamHI restriction 

fragments were ligated into PstI/BamHI linearised pPD95.75 and/or pPD95.69 vectors in-

frame with open reading frame of GFP.  

To study the expression of aagr-1 we amplified the 3720bp fragment spanning 6242-

9961 nucleotide of D2096 cosmid sequence. For PCR amplification we used primers 

containing C-terminal SmaI  restriction site. Resultant PCR product was cloned into pCR-XL-

TOPO vector and the construct was then digested by SmaI and HindIII. This 2106 bp long 

fragment contained complete intron 1 and 1340 bp of aagr-1 ATG upstream regulatory 

sequence. The fragment was ligated into HindIII/SmaI linearised pPD95.75 vector in-frame 

with GFP open reading frame (construct pJS8).  

The aagr-2 GFP fusion construct that included 3431 bp of aagr-2 regulatory sequence 

was prepared similarly. The first step included amplification of the 3862 bp fragment 

spanning overlapping R05F9 and ZK546 cosmids. Resultant PCR product was used as a 

template for second round PCR with 40533-40553 nucleotide (R05F9) and 11999-12019 

nucleotide (ZK546) primers with overhang containing BamHI restriction sites. The amplified 

PCR product was cloned into pCR-XL-TOPO vector and the BamHI digestion fragment was 

recloned into BamHI linearised pPD95.75 vector in-frame with GFP open reading frame 

(construct pJS9). 

 

4.2.8 Alkalization of lysosomes 

Mixed stage cultures (pJH3 and N2 (control)) were harvested from NGM OP50 plates 

and washed three times with H2O. Worms were pelleted by centrifugation (max. 1000 RPM, 2 

min.) between the washes. Afterwards worms were treated with either NH4Cl or 

concanamycin A (CON A), the agents which are known to specifically increase pH in the 

acidic cellular compartments [90, 264]. Pelleted animals were resuspended in 0, 10, 25, 50, 75 

and 100 mM aqueous solutions of NH4Cl. Small aliquots of worms were examined after 30 

min, 2, 4, 6, 8 and 24 hours. Alternatively, animals were soaked in 0, 10, 20, 50, 100, 150, 

200 nM solutions of CON A in aqueous media. Small aliquots of worms were evaluated after 

30 min, 1, 2, 3, 6 and 24 hours. 

Specimen were mounted on the agarose pads and examined using epifluorescence 

microscope (see section 4.1.6). 
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4.2.9 Immunofluorescence staining of worms 

Mixed stage pJH3 and N2 cultures were harvested from NGM OP50 plates and 

washed thoroughly in M9 buffer to deplete intestinal bacteria. Worms were pelleted by 

centrifugation (1000 RPM, 2 min.) between the washes. The fixation and imunnofluorescence 

staining procedures were based on the approaches of Nonet et al. [265]. Animals were fixed 

overnight in 4% paraformaldehyde in 100mM sodium/potassium phosphate buffer. After 

fixation the pellets were washed three times in 1× PBS, and incubated in reduction solution 

(1% Triton X-100, 100mM Tris (pH7,0), 1% β−Mercaptoethanol) overnight at 37°C in order 

to reduce the cuticle. After the reduction step, the worms were  washed 5 times in 1× PBS, 

and then were incubated for 5 hours in 900U/ml collagenase type IV (Sigma) diluted in 

Krebs-Ringer solution (119 mM NaCl, 25 mM NaHCO3, 11.1 mM glucose, 1.6 mM 

CaCl2.H2O, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4.7H2O, pH 7.4). The 

reduction/digestion step was performed twice. After washing (3 times in 1× PBS) the pellets 

were stored for further processing in AbA buffer (1 × PBS, 0.1% Triton X-100, 1% BSA, 

0,05% NaN3). All antibody incubations were performed overnight at room temperature in 

AbA buffer. Primary antibody (polyclonal rabbit anti-GFP IgG (Abcam)) was diluted 1:500. 

Secondary antibody (goat anti-rabbit IgG Alefa Fluor 488 labeled (Molecular Probes)) was 

diluted 1:1000. The worms were washed three times with AbB buffer (1×PBS, 0.1% Triton 

X-100, 0.1%BSA, 0.05%NaN3) between incubations. Specimens were mounted onto the 

agarose pads with additional DAPI or SYTOX orange (Molecular Probes) staining of the 

nuclei. Microscopic examination was performed as described in section 4.1.6. 

 
4.2.10 Western blotting 

Worms from mixed stage pJH3 and N2 cultures were homogenized by sonication and 

the concentration of protein was measured by Hartree method (see section 4.1.5). Proteins (25 

– 50 µg of total protein per lane) were separated by SDS-PAGE gradient gel (4 to 20 % 

polyacrylamide) and consecutively transferred onto nitrocellulose membrane by semi-dry 

blotting using semi-dry blotting apparatus PHERO-multiblot (Biotec-Fischer GmbH, 

Reiskirchen, Germany) according to a common protocol [266]. Membranes were treated 

according to a generally accepted Western blotting protocol with chemiluminiscence 

detection (SuperSignal, West Pico) [266]. Primary antibody was rabbit polyclonal anti-GFP 

IgG (Abcam, dilution 1:5000), the secondary antibody was goat anti-rabbit IgG/Px (Pierce, 

diluted 1:20000). 

 



40 
 

4.2.11 Isolation and characterization of deletion mutants 

Deletion mutants of aagr-1 (ok2317) and aagr-4 (ok1423) were kindly generated by 

C. elegans Gene Knock-out Consortium (http://celeganskoconsortium.omrf.org/). Both 

deletion strains were backcrossed repeatedly (at least 3 times)  according to established 

protocols [267]. Backcrossed worms were PCR screened for the presence of homozygous 

deletions with N2 worms as controls (primers in Tables 9 and 10, section 10.1). PCR products 

were directly sequenced using 3100-Avant Genetic Analyzer (Applied Biosystems) to 

evaluate the size and position of the deletion. The backcrossed worms were checked for 

morphological or otherwise observable phenotypes and the enzyme activities were measured 

as described in section 4.2.6. 

 

4.2.12 Multiple protein alignments and phylogenetic tree construction 

Consensual translations of the sequenced cDNA´s and evolutionary relevant protein 

sequences were aligned using ClustalW algorithm [268] and Blosum62 matrix and the 

alignments were manually edited. Phylip 3.57c and 3.6 software packages [269] were used for 

phylogenetic tree construction employing maximum likelihood, maximum parsimony and 

distance matrix methods. For details see appended publications 1 and submitted manuscript. 

 

4.2.13 Homology modeling 

 

4.2.13.1 3D model of GANA-1 

X-ray structure of chicken α-NAGA [212], rice α-GAL [194] and human α-GAL 

[193] were used as structural templates for model construction of GANA-1 using automatic 

algorithms of SwissModel server [270]. The model was manually inspected and energy was 

minimized in DeepView computer program [271]. For details see appended publication 1. 

 

4.2.13.2 3D models of AAGR-1-4 and molecular docking  
 Protein sequence alignments of E.coli YicI [219], S. solfataricus  MalA [224], 

H.sapiens NtMGA [225] and C. elegans AAGR-1-4 were calculated using ClustalW 

algorithm [268] and Blosum62 matrix. Structural models were prepared using MODELLER 9 

software [272] with the E.coli YicI, S. solfataricus MalA and H.sapiens NtMGA as templates. 

Unstructured loops (insertions in AAGR-1 and -2, in special) were energy refined and the 

final models were selected based on DOPE score (Discrete Optimized Protein Energy) and 
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visual check. Quality of the models was assessed by PROCHECK [273] and MolProbity 

[274] programs and individual structural domains were pairwise compared using DaliLite 

server [275]. Docking of acarviosine was done by Autogrid 4 (generation of atom-specific 

affinity, electrostatic and desolvation potential maps) and Autodock 4 [276]. For details see 

appended submitted manuscript. 

 

4.3. Cell culture related techniques 
 

4.3.1 Cell culture 

Mouse skin fibroblasts (wild type (wt) and two knockout lines for α-galactosidase and 

α-N-acetylgalactosaminidase were supplied by Prof. Detlev Schindler, Wurzburg University). 

Human skin fibroblasts from patients and control individuals were cultured according to 

standard procedure in DMEM (Sevapharma a.s) supplemented with 10% fetal calf serum 

(FCS) (PAA laboratories), 2% NaHCO3 (Sevapharma a.s) and 1% gentamycin (Lek 

Pharmaceutical and Chemical Company) or penicillin/streptavidin (Diagenes s.r.o.). Cell 

cultures were grown in 25 cm2 culture flasks (TPP) in 5% CO2 incubator (Jouan IGO 150). 

All cell culture procedures were carried out in the laminar flow box (Biohazard, Clean Air 

CA/RE3). 

 

4.3.2 Expression of gana-1 in eukaryotic expression system  

 

4.3.2.1 Preparation of expression constructs 

 We used epitope tagging vector pCMV-Tag 1 (Stratagene) designed for gene 

expression in mammalian cells. Gana-1 gene was inserted into the pCMV-Tag 1 vector with 

either FLAG or c-myc epitopes. The expression of the fusion protein can be monitored using 

tag-specific antibodies.  

 cDNA acquired by reverse transcription of RNA from mixed stage N2 nematode 

culture was used as a template for PCR amplification of inserts. Primers harboured 

overhanging sequences containing recognition sites for selected restriction enzymes (section 

10.1, Table 8). Inserts included entire coding sequence of gana-1.  In case of internal tagging, 

we amplified the entire coding sequence in two PCR products. The acquired PCR products 

were cloned into pCR 2.1 vector using TOPO TA cloning kit (Invitrogene). Positive clones 

were verified by sequencing on ABI 3100 – Avant sequencer (Applied Biosystems, USA). 
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The fragments of gana-1 acquired by restriction were recloned in frame with appropriate tag 

epitope to the corresponding restriction sites in the digested pCMV-Tag 1 vector. Sequences 

of the gana-1 constructs were evaluated by sequencing and plasmids were isolated by 

EndoFree Plasmid Maxi Kit (Qiagen). We acquired six gana-1 constructs. The first was 

tagged with both epitopes, the Flag (N-terminal) and c-myc (C-terminal). The remaining five 

constructs were tagged with Flag epitope either on N-terminal or on C-terminal and three are 

tagged internal on various place of gana-1 sequence.  

 

4.3.2.2 Transfection of mouse skin fibroblasts 

Mouse skin fibroblasts were transfected with the above described constructs (pCMV-

Tag1+gana-1) using Lipofectamine 2000 reagent (GibcoBRL) or Amaxa nucleofector 

technology [277] (Amaxa Biosystems).  

In case of Lipofectamine transfection cells were allowed to grow to 50-80% 

confluency in 4-well culture slides (BD Falcon) for transient transfection or in 25 cm2 culture 

flasks (TPP) for creating stable cell lines. 2 µl (130 µl) of Lipofectamine reagent were mixed 

with 45 µl (658 µl) of serum/antibiotic-free medium (DMEM, GibcoBRL) per well (flask), 

and incubated for 5 minutes at room temperature (RT). The 1,5 µg (20 µg) DNA for 

transfection was mixed with 45 µl (658 µl) of  serum/antibiotic-free medium. Both solutions 

were mixed and incubated for 30 minutes at room temperature to form of DNA-lipid 

complexes. After that cells were washed three times with PBS, transfection solution was 

added and incubated for 5 hours at 37oC and 5% CO2. Medium was replaced with a fresh 

medium containing 10% FCS. After 20 hours the transient cell lines were fixed and examined 

by immunofluorescence staining (for details see bellow). The stable cell lines were allowed to 

grow for 72 hours and after trypsinization they were cultured in the complex medium with 0,8 

µg/ µl of selective antibiotic geneticin (G418) (KRD) to maintained stable cell lines. 

We used the Human Dermal Fibroblast Nucleofector Kit (Amaxa Biosystems) 

according to recommended manufacturer´s protocol (program U-23) for fibroblast 

transfections. The transfection effectivity was evaluated by co-transfection  with  pmaxGFP 

vector. It was estimated to be 10%. We used 1x106 cells of α-N-acetylgalactosaminidase 

knockout cell line, 5x105 cells of α-galactosidase knockout and wt cell lines and 2,5 µg of 

DNA  (2 µg of control vector) per reaction. Immediately after transfection cells were allowed 

to grow in 6-well plates with complex medium and were afterwards cultured as described 

above (Lipofectamine transfection - transient or stable cell lines). 
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4.3.2.3 Culturing of stable cell lines with therapeutic chaperones 

 The stable cell lines were cultured in the complex medium with 0,8 µg/ µl of G418 

and with one of the therapeutic chaperones, D-galactose (200 mM) (Sigma), N-acetyl-D-

galactosamine (100 mM) (Sigma) and deoxygalactonojirimycin (20 µM) (Sigma) 

respectively, for three to four days. Cells were examined by Western Blotting or 

immnonofluorescence staining. 

  
4.3.3 Immunofluorescence staining of transfected cells 

Transfected cells were fixed in 100% methanol at -20 oC for 10 min. As primary 

antibodies monoclonal mouse anti c-myc IgG1 (Sigma, dilution 1:150), polyclonal rabbit anti-

Flag IgG (Sigma, dilution 1:100) and monoclonal rat anti mouse CD107a (Lamp-1) 

(Fitzgerald, dilution 1:200) were used. Secondary antibodies were goat anti-mouse IgG1 

Alexa Fluor 488 labeled, goat anti rabbit IgG Alexa Fluor 568 labeled and donkey anti rat IgG 

Alexa Fluor 488 labeled (all diluted 1:1000, Molecular probes). Microscopical examination 

was performed as described above. 

 

4.3.4 Western blotting 

Cells were homogenized by sonication and the measurement of protein concentration 

and Western blotting procedure was performed as described above (see section 4.2.10). The 

proteins (25 µg of total protein per lane) were separated in 12% SDS-PAGE gel.  The primary 

antibody - polyclonal rabbit anti-Flag IgG (Sigma) - was diluted 1:4000 and the secondary 

antibody - goat anti-rabbit IgG/Px (Pierce) - was diluted 1:10000. Fusion protein C-Terminal 

FLAG-BAP (Sigma) was used as the positive control (10 ng per lane).  

The specifity of antibody against HGSNAT was verified in homogenates of leukocytes 

by Western blotting. We used polyclonal rabbit anti HGSNAT (2785-6) (diluted 1:3000) as 

the primary antibody and goat anti rabbit IgG/Px (Pierce) (diluted 1:12000) as the secondary 

antibody. 

 

4.3.5 Measurement of influence of HGSNAT antibody on HGSNAT and β-

hexosaminidase activities 

 For assays were used artificial substrates tagged with 4-methylumbelliferone (MU) in 

the McIlvaine buffer (see section 4.2.6). In the case of HGSNAT assay we used 10 µl of 3 

mM 4-MU-β-D-glucosaminide in the McIlvaine buffer pH 5.5, 10 µl of homogenates of 
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leukocytes with concentration 1 µg/µl of proteins and 10 µl of 6 mM acetyl CoA (Sigma) and 

the reaction mixture was incubated for 17 hours at 37 oC. The amount of polyclonal rabbit 

anti HGSNAT antibody (2785-6) was ranged from 0 to 4.5 µg per reaction. Fluorescence 

signal was measured on the luminiscence spectrofotometer LS 50B (Perkin-Elmer). 

 

4.3.6 Electron microscopy  

 The fixed specimens were dehydrated with ethanol, embedded in LR White resin, and 

polymerized for 24 hours at 60 oC. Ultrathin sections on formvar-carbon-coated gold grids 

were pre-treated on a drop of 10 % normal goat serum (Sigma) in PBS for 10 min. Sections 

were then incubated for 17 hours at 4°C with the primary polyclonal rabbit anti HGSNAT 

antibody (2785-6) diluted 1:20 in PBS with 0.05 % Tween 20 (Sigma) and 0.1 % BSA 

(Fluka). After washing with PBS-Tween and PBS alone, followed by a repeated treatment 

with normal goat serum, the sections were reacted with the 6 nm colloidal gold-conjugated 

secondary antibody goat anti-rabbit (Jackson) in PBS at room temperature for 30 min. The 

grids were finally thoroughly rinsed, air dried, and stained with uranyl acetate and lead citrate. 

Observations were carried out with a Tecnai G2 Sphera at 120 kV or JEOL 1200 electron 

microscopes. 
 

4.3.7 Immunofluorescence staining and colocalization studies of HGSNAT 

The immunofluorescence staining was performed according to a common protocol and 

the specific conditions were adjusted according to primary antibodies and their combinations 

used (section 10.1, Tables 12 and 13). Cells were allowed to grow to 80-95% confluency in 4-

well culture slides (BD Falcon) and then washed three times with 1x PBS (5 min per wash). 

After washing the cells were fixed in 100% methanol at -20 oC for 10 min or in 4% 

paraformaldehyde (PFA) at 4 oC for 10 min with or without following permeabilization step 

with 0.1% TRITON X-100 performed at room temperature for 10 min. After the protein 

blocking step (5% FBS in 1x PBS, 30 min, RT) samples were incubated with primary 

antibodies diluted in 5% FBS in 1x PBS (for details see Tables 12 and 13, section 10.1) for 1 

hour at 37 oC or overnight at 4 oC. Appropriate Alexa Fluor labeled antibodies (Molecular 

probes) were used as secondary antibodies and were diluted 1:1000 and incubated 1 hour at 

37oC. Nuclei of cells were stained with DAPI (1:1000, 15 min, and 37 oC). The cells were 

washed several times with 1x PBS between each incubation step. Specimens were mounted 

with aqueous mounting medium IMMU-MOUNT (Thermo Scientific) and microscopical 

examination was performed as described above (section 4.1.6).
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5. Results and discussions 
 

5.1. Caenorhabditis elegans as a model organism for selected lysosomal 

storage diseases 
 

Initial studies were based on comparison of the conservation of sequence of selected 

lysosomal proteins in silico (Table 1) and measuring their activities in mixed N2 C. elegans 

cultures to confirm the presence of lysosomal activities in question and to evaluate the 

conservation of their function (Table 2).  

 
Human disease Mutant protein Expect identities  (%) positives 

(%) 
C.elegans  
gene 

Fabry Alpha galactosidase 2,3e - 87 44 60 R07B7.11 
Farber Acid ceramidase 2,1e - 84 40 64 HK11D2.2 
Gaucher Beta glucocerebrosidase 1,2e - 106 43 63 Y4C6B.6 
GM1 gangliosiosis Beta galactosidase 5,6e - 116 41 58 T19B10.3 
GM2 gangliosidosis  
Tay-Sachs HEXA Alpha hexosaminidase 2,6E - 95 40 58 T14F9.3 
Sandhoff HEXB Beta hexosaminidase 9,1E - 84 44 63 T14F9.3 
Mucolipidosis IV Mucolipin 1,2E - 79 38 3 R13A5.1 
Niemann-Pick A,B Acid sphingomyelinase 2,0E - 86 34 56 B0252.2 
Schindler N-acetylgalactosaminidase 3,7E - 87 45 60 R07B7.11 
Aspartylglycosaminuria Aspartylglycosaminidase 1,7e- 68 46 61 R04B3.2 
Fucosidosis Alpha fucosidase 2,9e - 96 46 63 W03G11.3 
Galctosialidosis Cathepsin A 8,1e - 92 40 61 F41C3.5 
alfa- mannosidosis Alpha mannosidase 1,1e - 157 38 56 F55G10.1 
beta-mannosidosis Beta mannosidase 5,8e - 150 38 56 C33G3.4 
MPSIIIB Alpha N-acetyl glucosaminidase 4,5e - 98 36 54 K09E4.4 
MPSIIID N-acetylglucosamin sulfatase  2,3e - 91 43 60 K09C4.8 
MPSVII Beta glucuronidase 6,1e - 114 41 64 Y105E8B.TT 
Pompe Alpha glucosidase 2,7E  - 134 36 53 D2096.3 
Wolman Acid lipase 3,2e - 81 42 61 Y57E12B.B 
cystinosis Solute carrier family 3 member 1  2,0e - 36 28 49 F2D10.9 
sialic storage Salla Solute carrier family 17 member 5 2,1e - 100 40 60 C38C10.2 
CLN1 Palmitoyl-thioesterase 1 1,2E - 81 54 75 F44C4.5 
CLN3 CLN3 protein 7,6e - 80 41 61 F07B10.1 
Niemann-Pick C1 NPCi protein 8,7e - 87 28 47 F02E8.6 

 
Table 1: Conservation of selected lysosomal proteins between man and C. elegans – Blastp search 
[278]. 
 
 

The initial results showed that there is a good conservation (orthologous genes) and 

function (enzymatic activity) of the selected lysosomal proteins between man and C. elegans, 

and that C. elegans may be a suitable model system for the study of LSDs. Based on the 
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highest similarity and type of LSD we resorted to further study C. elegans orthologs of α-

galactosidase, α-N-acetylgalactosaminidase and α-glucosidase whose deficiencies lead to 

Fabry, Schindler and Pompe disease, respectively.  

 
 

Enzyme Activity v  [nmol.mg-1.h-1]* 

β-N-Acetyl-glucosaminidase 308 
β-galactosidase 10 
α-mannosidase 130 
β-glucuronidase 2.8 
β-glucosidase 55.3 
β-glucosidase + CBE inhibition 4.6 
α-glucosidase pH 4 53 
α-glucosidase pH 6.5 67.5 
α-galactosidase 28.7 
α-galactosidase + GalNAc inhibition 1 
α-N-Acetyl-galactosaminidase 317 

 
Table 2: Activities of selected acid hydrolases in C. elegans – incubation at 25 oC, measured with 
methylumbelliferyl substrates [279]. 
 

5.1.1. Caenorhabditis elegans as a model organism for Fabry and Schindler 

disease (appended publication 1) 

5.1.1.1 Blast search and verification of the predicted gene structure  

  We were able to find only one predicted open reading frame (ORF) orthologous to 

human α−GAL and α−NAGA by BLAST searches in the complete C. elegans genome [29]. 

It was designated R07B7.11 and it had significant sequence similarity to both human genes, 

which were previously proposed to evolve from the common ancestral gene (see sections 

2.3.2.1 - 2.3.2.2). We have not found any other orthologous gene with significant similarity to 

either α−GAL or α−NAGA by repetitive searches. Similar results were obtained while 

searching C.briggsae genome [29]. R07B7.11 was later designated gana-1 (α-GAL and α-

NAGA ortholog (appended publication 1)). Gana-1 consists of 5 exons and 4 introns and was 

initially annotated as a potential ortholog of human α−NAGA. Two EST clones for this 

predicted ORF were reported shortly before we started the study, the first in the third exon 

and the other in the last exon including the stop codon and a part of 5´untranslated region 

(Figure 3). Open reading frame sequence tag (OST) of the same structure but without UTRs 
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for gana-1 appeared during the course of our work in the Worfdb database [27] and 

confirmed our findings [280].  

 

 
 
Figure 3: Schematic representation of gana-1 gene structure (acquired from Wormbase at the 
beginning of our work [280]).  The entire length of gDNA is 1681 bp and the spliced cDNA consists 
of 1356 bp and 91 bp of 3´UTR. 
 

The sequence of the predicted gene was verified by sequencing of the PCR products 

from genomic DNA and cDNA. We analysed the whole coding region including 3´ and 5´ 

untranslated regions (UTR). The sequence of gana-1 followed the predicted mRNA 

completely. The length of genomic DNA from start to stop codons is 1681 bp.  The entire 

ORF of gana-1 has 1356 bp and encodes a protein of 451 aminoacids. We have found no 

alternative splicing by RT-PCR, a feature similar to both human and mouse orthologs and we 

noted no signs of RNA editing in clones derived from the gana-1 cDNA. The sequence 

analysis revelaed SL1 mode of trans splicing which suggests that the gene is transcribed 

either as the only or as the first gene in operon. Physical distances between gana-1 and the 

two predicted downstream genes R07B7.12 and R07B7.13 suggest clustering into operon [40, 

42]. We found that the gene R07B7.12 codes a predicted protein of unknown function and the 

gene R07B7.13 codes a nuclear hormone receptor (NHR-206) [281]. As this region has not 

been annotated as an operon [281] and there is no apparent connection among these three 

genes, it is unlikely that these genes form one. We did not further explore this question issue 

because it was not important for our study. 

 

5.1.1.2 Prediction of GANA-1 signal peptide  

 GANA-1 signal sequence prediction was performed by SignalP server [254]. 

Prediction result revealed high N-terminal signal peptide prediction probability (1.000) and 

two possible signal sequence cleavage sites (between residues 15-16 or 21-22).  
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5.1.1.3 Biochemical studies 

We found both enzyme (α−GAL and α−NAGA) activities in the homogenates from C. 

elegans N2 strain using methylumbelliferyl (MU) substrates [279]. The activity of α−NAGA 

measured after incubation at 37 °C was 430 nmol.mg-1.h-1 with MU-α−N-

acetylgalactosaminide as a substrate and the activity of α−galactosidase A using MU-

α−galactopyranoside was 43 nmol.mg-1.h-1. Alpha−NAGA and α−GAL activities measured 

after incubation at 25 °C were 317 and 28.7 nmol.mg-1.h-1 respectively (Table 2). 

Alpha−NAGA activity predominated over α−GAL activity, which was about 10% of that of 

α−NAGA. 

In accordance with published observations in human enzymes, α−NAGA activity is 

inhibited by both inhibitors N-acetyl-D-galactosamine (D-GalNAc), and D-galactose (D-Gal). 

On the other hand, α−GAL activity is inhibited only by D-Gal while D-GalNAc has no 

inhibitory effect on  its activity [282]. We reasoned that if gana-1 had activity toward both 

substrates, MU-α−D-galactoside and MU-α−N-acetylgalactosaminide, and only one active 

site, then both inhibitors - D-GalNAc and D-Gal, respectively, would inhibit both activities.  

We performed inhibitory assays in the homogenates from C. elegans N2 strain based 

on this assumption. In the case of α−galactosidase A, the degradation of the MU-

α−galactopyranoside was significantly inhibited (up to 95%) in the presence of D-GalNAc, 

whereas, in the presence of D-Gal the degradation of the same substrate was inhibited up to 

75%. In the assay of α−NAGA, the degradation of the MU-α−N-acetylgalactosaminide was 

inhibited up to 97% by D-GalNAc and up to 90% by D-Gal. No inhibition of α−NAGA and 

α−GAL A activity by D-glucose was observed.  

We observed significant effect of both inhibitors on both activities and mainly the 

strong inhibitory effect of D-GalNAc on the α−GAL activity, which is not present in human 

α−GAL. These results support the hypothesis that C. elegans has only one enzyme with both 

α−GAL A and α−NAGA activities and can have only single active site per monomer of the 

protein, as was predicted. However, because these measurements were not performed with the 

pure enzyme, they provide only indirect evidence for the above-mentioned hypothesis.  

 

5.1.1.4 RNA-mediated interference 

To evaluate the function of gana-1 we performed RNA interference (RNAi) 

experiments. RNAi assays were directed against the complete coding region of gana-1. 
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Initially we used either microinjection or feeding approach of RNAi separately. However, we 

were not able to observe any abnormal morphological phenotype. We thus decided to use C. 

elegans RRF-3 strain, which is hypersensitive to RNAi [257], but similarly as in N2 strain, 

RNAi have not revealed any abnormal morphological phenotype. In order to foster RNAi we 

resorted to combination of microinjection and feeding approaches and biochemically 

evaluated both activities of gana-1. Measurement of gana-1 activity in four individual 

experiments (thousands of individual worms) showed simultaneous decrease of both α−GAL 

and α−NAGA activities in interfered worms (Table 3). In all RNAi experiments both α−GAL 

and α−NAGA activities decreased proportionally, usually by tens of percent of activity of 

appropriate controls. The well-known variability in the efficiency of RNAi [8] explains the 

differences between individual experiments. The activity of β-hexosaminidase, which was 

used as the control enzyme, did not differ between the control and interfered worms. These 

results support the specificity of gana-1 RNAi and our hypothesis that the gana-1 has both 

enzyme activities.  

 

Experiment 
No. RNAi 

α-GAL activity 
(nmol/mg*h) 

α-NAGA activity 
(nmol/mg*h) 

activity % of control activity % of control 

I. gana-1 1,2 67 26,6 50 
control 1,8 100 53,1 100 

II. gana-1 11,1 84 195,1 88 
control 13,3 100 221,7 100 

III. gana-1 1,0 30 11,8 19 
control 3,4 100 61,7 100 

IV. gana-1 2,9 30 50,7 24 
control 9,6 100 212,1 100 

 
Table 3: Alpha-GAL and α-NAGA activities after RNAi of gana-1. Table shows parallel decrease 
of both α-GAL and α-NAGA activities after gana-1 RNAi compared to control. All measurements 
were done at 37 oC. 
 

Both enzyme activities were lower in interfered and control worms cultured on the 

bacterial strain HT 115 [8] compared to N2 strain cultured on the OP50 strain. We explain 

this variability by different culture conditions and by the stress caused by the injection and the 

presence of the plasmid DNA.  

To find if the gana-1 RNAi influences function of coelomocytes (see later) such as 

uptake of fluid from pseudocoelom and degradation of endocytosed proteins we performed 

gana-1 RNAi in C. elegans GS1912 strain [50]. GS1912 animals are transgenic worms that 

express green fluorescent protein (GFP) in body wall muscles. The GFP is secreted into the 
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pseudocoelomic cavity and consecutively degraded predominantly by the coelomocytes. 

However, we did not observe any difference between RNAi-treated and control GS1912 

worms. These results suggest that gana-1 RNAi does not affect endocytosis and degradation 

function of coelomocytes. 

RNAi of gana-1 yielded no abnormal morphological phenotypes, which was not 

surprising due to variable efficiency of RNAi and well-known fact that even low level of 

lysosomal hydrolase activities do not result in lysosomal storage. It was reported that only 

very low residual enzyme activities (about 1 to 2 % of normal activity) lead to the lysosomal 

storage [283], so the maximum decrease of enzyme activities to the level of 20 % of control 

activities in the gana-1 RNAi-treated worms is expected not to cause lysosomal storage 

phenotype. 

 

5.1.1.5 Expression of gana-1 

We created transgenic worms carrying expression construct containing the complete 

coding region of gana-1 C-terminally tagged with green fluorescence protein (GFP) in order 

to study the expression of gana-1 in C. elegans. Gana-1::GFP was expressed under the 

control of a 3 kb region of its hypothetical promoter (Figure 4). Although we verified the 

presence of the gana-1::GFP transgene in the transgenic worms on the level of gDNA, cDNA 

(Figure 5) and protein (Western blotting) (Figure 6), we were not able to observe any GFP 

signal by fluorescence microscopy under the standard laboratory conditions. Because Western 

blotting showed the presence of fusion protein of expected size, we assumed that the absence 

of GFP signal resulted from pH-dependent quenching of GFP fluorescence emission [284].  

 

 
Figure 4: Schematic representation of gana-1::GFP extrachromosomal expression construct with 
appropriate RNA transcript. 
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Figure 5: Verification of gana-1::GFP transgene presence in transgenic worms on the DNA (A) 
and RNA (B) levels 
M – Lambda DNA/PstI Marker, N2 - N2 Bristol strain (negative control), P - gana-1::GFP construct 
(positive control), B - blank 
(A) 1-20 – screening of transgenic worms (single worm PCR) 
(B) 1-6 – cDNA of transgenic worms (temperature gradient) 
 
 

 
 
Figure 6: Verification of presence of GANA-1-GFP fusion protein in homogenate of transgenic 
worms by Western blotting. The size of the GANA-1-GFP fusion protein is 77.5 kDa. N2 Bristol 
strain was used as negative control. 
 

We used two agents [90, 264] that specifically alkalize acidic cellular compartments in 

order to enhance the GFP emission and to confirm that the absence of GFP signal was due to 

the quenching of fluorescence by low pH in the acidic cellular compartment. Worms carrying 

gana-1::GFP transgene were soaked in NH4Cl or concanamycin A (CON A) solutions. After 

soaking, we observed a distinct GFP signal in the membrane bound compartment of 

endocytically active coelomocytes in a small proportion of worms (3–5% of the population) 

(Figure 7). Intensity of the GFP signal was dependent on the concentration and the time of 
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incubation of the alkalizing reagent used. We were able to observe the first visible GFP signal 

after 8 hours of incubation in 100 mM NH4Cl and already after 2 hours of incubation in 50 

nM CON A. We did not see any GFP signal while using lower concentrations of both NH4Cl 

and CON A even after prolonged incubations. We consider the reappearance of the GFP 

signal after treatment of the transgenic worms with compounds increasing pH in acidic 

cellular compartments as indirect proof of lysosomal localisation of the fusion protein. The 

GFP signal in coelomocytes had the same coarsely granular pattern as that observed after 

immunostaining (discussed below).  

 

 
 
Figure 7: Alkalization of gana-1::GFP transgenic worms. Visible GFP signal in vesicular 
compartments of two coelomocytes (arrows) after CON A treatment (50 nM CON A, 24 hours 
incubation). DIC, fluorescence and merge image, respectively. Scale bar 10 µm. 
 

Based on these results we decided to detect the transgene product indirectly by GFP 

antibody in order to better characterise the tissue and intracellular distribution of the fusion 

protein. Immunofluorescence detection of GFP fusion protein showed a specific and coarsely 

granular cytoplasmic pattern of transgene expression limited either to body wall muscle cells 

and sometimes also to coelomocytes (30% of population) or joint body wall muscle, intestinal 

cells and coelomocytes expression pattern (3-5% of population) (Figure 8). The staining 

pattern corresponds well with the results of GFP detection in NH4Cl and CON A experiments. 

The differences between the results of immunofluorescence and alkalization studies can be 

explained by limited access of alkalizing agents to other tissues than coelomocytes. This is 

not surprising because of the well-known function of coelomocytes to actively endocytose 

fluid from the pseudocoelom (see 2.1.5.2). 

We observed the mosaic expression of the transgene in approximately 30% of the 

population, which corresponded to the common expression efficiency of extrachromosomal 

array transgenes [285]. Co-localization study with the intestinal autofluorescence granules 

previously described as secondary lysosomes [286] was hampered by a significant decrease of 
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inherent intestinal granular autofluorescence caused by the immunofluorescence staining 

procedure. 

 

 
 
Figure 8: Immunofluorescence detection of GANA-1-GFP fusion protein. (A) and (B) Coarsely 
granular cytoplasmic expression pattern in intestinal (arrows) and body wall muscle (asterisks) cells. 
(C) and (D) Identical cytoplasmic expression pattern limited to body wall muscle cells (arrows) and 
coelomocytes (asterisks). Image (A) show two non-transgenic worms in the background. (A), (C) and 
(D) images were acquired by 3D rendering of original confocal Z-stacks. Scale bars represent 40 µm. 

 

5.1.1.6 Bioinformatic studies on gana-1  

This part of the thesis was performed in collaboration with Robert Dobrovolny and 

Jakub Sikora (Charles University in Prague, 1st Faculty of Medicine, Institute of Inherited 

Metabolic Disorders). 
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Figure 9: Phylogenetic tree of GANA-1 and other members of melibiase family constructed using 
maximum likelihood method. Bootstrap values at the nodes evaluate the tree (maximum 100). 
Cladogram divides proteins into four groups: animal NAGAs (yellow), animal GALs (dark blue), 
plant/lower organism GALs (black) and Caenorhabditis/Drosophila/Anopheles group (green). 
 

The alignment of GANA-1 protein sequence with other selected melibiase (GH27) 

[190, 191] family members showed striking similarity. GANA-1 had the highest sequence 

similarity with Anopheles gambiae GAL (46,1%) and the lowest similarity with Streptomyces 

avertimilis GAL (22,4 %). The phylogenetic tree (Figure 9) was constructed on the basis of 

multiple protein alignment. The phylogenetic analysis identified four main clades: animal 

NAGAs, animal GALs, plant/lower organisms GALs and clade containing sequences of 

Drosophila melanogaster, Anopheles gambiae and C. elegans. The branch containing GANA-

1 is positioned between higher animal GALs and NAGAs and plant/lower organisms GALs. 
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Based on these results we suggest that gana-1 is an ancestor of animal GALs and animal 

NAGAs. However, the presence of a pair of genes in Drosophila and Anopheles genomes that 

are annotated as α−GAL and α−NAGA is not in full agreement with this conclusion. The 

presence of these genes in the Caenorhabditis/Drosophila/Anopheles branch instead of GAL 

and NAGA clades could be explained by low divergence of these sequences from common 

ancestral gene or by independent gene duplication in Drosophila/Anopheles organisms. Based 

on the phylogenetic analysis we conclude that gana-1 indeed evolved from the common 

ancestor of α−NAGA and α−GAL enzymes.  

 

 
 
Figure 10: 3D model of GANA-1 monomer based on X-ray structures of chicken α-NAGA [212], 
rice α-GAL [194] and human α-GAL [193]. Inhibitor N-acetyl-D-galactosamine is placed into the 
active site (yellow). 

 

Consecutively we performed homology modeling of GANA-1 protein molecule based 

on crystallographic structures of chicken α−NAGA [212], human α−GAL A [193], and rice 

α−GAL A [194]. The structural model of GANA-1 has two-domain structure alike the 

templates (Figure 10). Domain I, which contains predicted active site, adopts (α/β)8 barrel 

structure which represents common motif in many glycoside hydrolases. Less conserved 

domain II is β domain with β sandwich structure containing Greek key motif. The active site 

pocket is formed by the same twelve amino acids (W31, D76, D77, Y118, C126, K152, D154, 

C156, S186, A189, Y190 and R211) as in chicken α−NAGA. This finding infers that GANA-



56 
 

1 shares the identical catalytic reaction mechanism with chicken α−NAGA [212]. The active 

site residues are well conserved between α−GALs and α−NAGAs. They differ only in two 

residues, which discriminate between α−GAL and α−NAGA substrate [189]. In contrast to 

α−GALs, which do not have α−NAGA activity and are not inhibited by N-acetyl-D-

galactosamine because N-acetylated substrates cannot enter their smaller active sites, 

α−NAGAs can accommodate α−galactose and have some α−GAL activity. The appropriate 

residues of GANA-1 are corresponding to α−NAGAs, which are consistent with our previous 

results. For additional details see appended publication 1. 

Multiple alignment, phylogenetic analyses and homology modeling employed GANA-

1 sequence verified by the above studies. 

 

5.1.1.7 Expression of gana-1 in eukaryotic expression system (unpublished data) 

 To characterize the function and expression of GANA-1 in vivo and to support our 

hypothesis that GANA-1 has both α−GAL and α−NAGA activities, we decided to express 

gana-1 in normal mouse fibroblasts and mouse fibroblasts deficient in either α−Gal or 

α−Naga. Our second aim in this part of the study was to find if GANA-1 compensated 

α−GAL and α−NAGA activities in mammalian cells. 

 We prepared six expression constructs containing the complete coding region of gana-

1. These were expressed under the control of CMV promoter in the pCMV-Tag 1 Epitope 

Tagging Mammalian Expression Vector (Stratagene). The first construct was double labeled 

with N-terminally tagged FLAG and C-terminally tagged c-myc, the second and the third 

were tagged either N- or C-terminally with FLAG. The remaining three constructs were 

internally tagged with FLAG in different loops of the gana-1 sequence (sites selected on the 

basis of the modelled structure) (Figure 11). 

 

 
Figure 11: Schematic representation of localisation of tag(s) (Flag and/or c-myc) in the sequence 
of cDNA of gana-1 used for expression study in mouse fibroblasts. 
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 Preliminary results of transfection verified functionality of all six expression 

constructs and we observed granular cytoplasmic pattern of gana-1 overexpression in all three 

types of mouse fibroblasts (wild type and both knockouts) (Figure 12). We did not seen any 

FLAG signal in the fibroblasts transfected with the constructs N-terminally tagged with 

FLAG which was not surprising due to predicted N-terminal signal peptide that is cleaved off. 

As is demonstrated in the Figure 12A, we were able to detect only c-myc signal in the double 

immunolabeled fibroblasts carrying construct with N-terminally FLAG and C-terminally c-

myc tags. We did not see any significant difference between expression of individual 

constructs and also any difference between expression in the wild type and both knockout 

mouse fibroblasts. Unfortunately, colocalization studies with Lamp 1 did not provide 

confirmation of the lysosomal localization of the overexpressed gana-1 (Figure 13). We 

observed signal of overexpressed gana-1 disperse in the cytoplasm. Most of the 

overexpressed gana-1 was probably accumulated in endoplasmic reticulum but we did not 

confirm this assumption by colocalization studies using markers of this organelle.  

 

 
Figure 12: Immunofluorescence detection of gana-1 fusion protein in mouse fibroblasts. All 
images show granular cytoplasmic pattern of gana-1 overexpression. Used expression constructs: (A) 
double tagged with N-terminal Flag and C-terminal c-myc, (B) and (F) tagged with C-terminal Flag, 
(C) internal Flag – I, (D) internal Flag – II and (E) internal Flag – III. (A)-(E) wild type mouse 
fibroblasts, (F) fibroblasts deficient in α-NAGA. Flag signal is shown in red and c-myc in green. Scale 
bars represent 10 µm. 
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Figure 13: Colocalization studies of gana-1 fusion protein and lysosomal marker Lamp-1 in 
transiently transfected mouse fibroblasts. Expression construct with C-terminal Flag tag. (A) and 
(B) mouse fibroblasts deficient in α-GAL, (C) wild type mouse fibroblasts. Flag signal is shown in red 
and Lamp-1 in green. Scale bars represent 10 µm. 
 

Because of low efficiency of transient transfection (only about 2%), we tried to obtain 

stable cell lines expressing gana-1 under the selection of antibiotic geneticin (G418). The 

presence of the gana-1 transgene in the mouse fibroblasts was confirmed on the level of 

genomic DNA and in case of gana-1 C-terminally tagged with FLAG also on the level of 

mRNA (cDNA). However, we were not able to confirm the presence of GANA-1 fusion 

protein by Western blotting or immunosfluorescence assays with antibody against Flag or c-

myc tags. We tried to cultivate the stable cell lines with therapeutic chaperones (see section 

2.3.1. – last paragraph), such as D-galactose (200mM), N-acetyl-D-galactosamine (100mM) 

and deoxygalactonojirimicine (DGNJ, 20µM) for three to four days, but we did not detect any 



59 
 

GANA-1 expression by Western blotting or immunofluorescence assays. We can only 

hypothesize about the reasons of low GANA-1 expression and/or its enhanced degradation.  

Our findings can also be attributed to different glycosylation patterns [69] and/or dissimilar 

signal peptides (see Figure 2 in appended publication 1) in mammalian and C. elegans cells.  

 

5.1.2. Caenorhabditis elegans as a model organism for Pompe disease 

(appended submitted manuscript) 

5.1.2.1 Blast search and sequence verification of predicted genes  

We found by repetitive BLAST searches for C. elegans orthologs of human GAA in 

the Wormpep database four predicted coding sequences or sequences annotated as confirmed 

by partially overlapping EST clones - D2096.3 (acid alpha glucosidase related, aagr-1), 

R05F9.12 (aagr-2), F40F9.6 (aagr-3), F52D1.1 (aagr-4) and one pseudogen F53F4.8. All 

four found coding sequences with their overall similarity of the amino acid sequences with the 

human GAA sequence were annotated as glycoside hydrolase  family 31 (GH31) [190, 191] 

members. We found no predicted or confirmed double active site proteins (such as SUIS or 

MGA in humans) in the C. elegans genome. 

We verified the available in silico predictions by sequencing of all four genes. The 

cDNAs were amplified in overlapping PCR fragments including 5´trans spliced ends and 

3´untranslated regions including polyadenylation sites (Figure 14). Gene organization 

(exon/intron boundaries) and the lengths of all four transcripts generally corresponded with 

the database predictions.  In comparison to the available database predictions which annotated 

two alternative splicing variant of aagr-3 - F40F9.6a and b[22], we were able to detect only a 

single splicing variant of aagr-3 corresponding to F40F9.6b. Because we were not able to 

amplify any PCR product of the predicted gene F53F4.8, we supposed that F53F4.8 is a 

pseudogene. This assumption was lately supported by Wormbase (Wormbase Realase 

WS189).  
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Figure 14: Aagrs gene structures. Schematic representations of (A) operon CEOP4284 and aagr-1, 
(B) aagr-2, (C) aagr-3 and (D) aagr-4 gene structure. The size of the gDNA is shown above the gene 
structure and the length of the cDNA without the 3´ UTR (shown on the right side of transcript) is 
given below the transcript. 
 

We found that all four genes (aagr-1-4) contain SL1 trans splicing element despite 

short distance (approx. 650 bp) between aagr-1 and upstream (D2096.12) gene which belongs 

to CEOP4284 transcriptional operon [43]. The first gene in the CEOP4284 operon is UDP-

glucuronic acid decarboxylase (sqv-1) [287] which is trans spliced in SL1 mode. The 

sequence analysis of the second gene D2096.12 in the operon verified its gene organization 

and complete sequence, which was in full agreement with the available prediction and 

revealed SL2 mode of trans splicing. The search in the available protein databases for 

potential orthologs of D2096.12 revealed the Caenorhabditis briggsae gene BP:CBP19293 of 

unknown function as the highest scoring ortholog. Other less scoring orthologs were mostly 

gene products of unknown function. Based on these findings, genomic relationship of 

CEOP4284 operon and aagr-1 represents local clustering of genes involved in 

glycosaminoglycan neogenesis (sqv-1) and GH31 member involved in carbohydrate 

catabolism. Based on these results we can only hypothesize about the nature of this operonic 

function clustering.  

 

5.1.2.2 Signal peptide and intracellular targeting predictions 

 SignalP predictions revealed presence of N-terminally situated signal peptides with 

strong probability for all AAGRs (0.996 for AAGR-1, 1.000 for AAGR-2, 0.911 for AAGR-3 

and 0.999 for AAGR-4). The lengths of signal peptide sequences correspond with the signal 

sequence cleavage sites: 22-23 (AAGR-1), 18-19 (AAGR-2), 19-20 or 22-23 (AAGR-3) and 

16-17 (AAGR-4). TargetP server predicted all AAGRs as non-secretory and non-

mitochondrial proteins.  



61 
 

5.1.2.3 Biochemical studies 

GAA activities were assessed in the homogenates from C. elegans N2 strain when 

measured with methylumbelliferyl substrates at two different pH values (4.0 and 6.5) and two 

different incubation temperatures (25 °C and 37 °C). We assumed that values acquired by 

measuring according to this protocol at acidic pH represent sum of enzymatic activities of 

several enzymes that are predicted in C. elegans. It is especially maltase-glucoamylase 

(MGA) that interferes with direct GAA measurement in humans. The overall values measured 

at 25 °C were 53 and 67.5 nmol mg-1h-1 for pH values 4.0 and 6.5 respectively. Activity 

values measured at 37 °C were 165 and 277 nmol mg-1h-1 respectively.  

  It has been reported that addition of acarbose [226], which is a potent inhibitor of 

maltase-glucoamylase and sucrase-isomaltase, to the reaction mixture at acidic pH selectively 

eliminates these interfering activities in the GAA assay. Thus values measured with acarbose 

at acidic pH should directly reflect acid alpha glucosidase activity. On the other hand the 

effect of acarbose on the neutral glucosidases has been insignificant. Tables 4-6 show 

influence of acarbose on GAA activities. 

In order to differentiate AAGRs functioning at the acid pH from the ones acting at 

neutral pH we further performed selective RNAi experiments and deletion mutant analyses as 

described below. 

 

5.1.2.4 RNA-mediated interference 

To evaluate the impact of RNAi on the C. elegans phenotype and to characterize the 

worms GAAs we performed selective separate RNA interference experiments of all four aagr 

genes. We selected the sequence regions for RNAi assays on the basis of the cDNA multiple 

alignment. To avoid or at least minimize cross-interference between otherwise homologous 

sequences we tried to find and employ regions with the lowest similarity/identity as possible.  

Equally as in case of other lysosomal hydrolase ortholog gana-1 (appended 

publication 1) we were not able to observe any morphological or other observable phenotype 

despite extensive and very detailed examination of the interfered animals. In addition to the 

all four aagrs, we performed RNAi assay directed against the aagr-1 upstream gene 

D2096.12 with the same result. The minimal RNAi phenotype was very probably caused by 

high residual enzymatic activity (see section 5.1.1.4). 

Because of the absence of morphological changes and our previous experiences with 

gana-1 we resorted to biochemical evaluation of the impact of RNAi treatment on the GAA 

activities in interfered worms. Measurement of GAA activities at two distinct pH (4.0 and 
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6.5) and parallel acarbose inhibition showed separation of the neutral and acid glucosidase 

activities to different AAGRs (Tables 4 and 5). We showed the significant decrease of GAA 

activity in case of aagr-1-3 RNAi experiments. The decrease of GAA activities after RNAi of 

aagr-4 was minimal and together with results of analysis of aagr-4 deletion mutant, we 

suppose that AAGR-4 enzymatic potential is limited. We found the most relevant drop of 

activity values after RNAi of aagr-2 at the acidic pH and in case of aagr-3 RNAi at neutral 

pH, up to the levels of 20 % of control values. Glucosidase activities after RNAi of aagr-1 

was decreased more dramatically in the acidic pH (average value 68% of controls) compared 

to neutral pH (86% of control values). These changes were less dramatic compared to 

decrease of aagr-2 and aagr-3 activity after relevant RNAi.  

We observed variable influence of acarbose on the GAA activity (Tables 4 and 5) in 

the individual RNAi experiments. These experiments suggested AAGR-2 as the acarbose 

inihibited acidic AAGR and AAGR-1 as the least acarbose sensitive acidic AAGR. This 

observation was further supported by the analysis of aagr-1 deletion mutant (see later). Based 

on this finding we consider AAGR-1 the most probable true ortholog of human acid α-

glucosidase. 

 

 

      α-glucosidase activity [nmol/mgprotein*h] 
      pH 4 pH 4           pH 6,5 pH 6,5  
Experiment No. RNAi   acarbose - acarbose +  acarbose - acarbose + 

      activity 
% of 

control activity
% of 

control activity
% of 

control activity 
% of 

control 

I. acidic  
aagr-1 141 54 10 15 252 94 215 103 
aagr-2 26 10 20 31 188 70 183 88 
control 261 100 64 100 268 100 208 100 

V. neutral  
aagr-3 178 106 40 103 62 25 19 9 
aagr-4 166 99 37 94 203 83 157 76 
control 167 100 39 100 246 100 206 100 

 
 
Table 4: Influence of acarbose on activities of all AAGRs in selected RNAi experiments. Table 
shows variable impact of acarbose on GAA activities measured at acidic (4.0) or neutral (6.5) pH after 
selected RNAi experiments of separate aagr-1-4 compared to controls. Influence of acarbose on 
neutral activities of AAGR-3 and -4 was insignificant. All measurements were done at 37 oC with 8 
µM acarbose. 
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Experiment 
No. RNAi  

α-glucosidase activity [nmol/mgprotein*h], pH 4,0 
acarbose - acarbose + % of activity inhibited 

by acarbose after 
RNAi activity % of 

control activity % of 
control   

I. 
aagr-1 119 55 18 26 85 

acidic 

aagr-2 21 10 16 23 22 
control 216 100 70 100 68 

II. 
aagr-1 83 61 12 31 85 
aagr-2 19 14 13 32 32 
control 137 100 40 100 71 

III. 
aagr-1 143 129 21 76 86 
aagr-2 30 27 20 72 35 
control 110 100 27 100 76 

IV. 
aagr-1 104 80 17 44 84 
aagr-2 34 26 22 57 34 
control 129 100 38 100 70 

                

V. 
aagr-3 143 99 46 109 68 

neutral 

aagr-4 136 95 41 99 70 
control 144 100 42 100 71 

VI. 
aagr-3 165 98 53 114 68 
aagr-4 155 92 44 95 71 
control 168 100 47 100 72 

VII. 
aagr-3 198 104 64 115 68 
aagr-4 205 107 61 109 70 
control 191 100 56 100 71 

VIII. 
aagr-3 160 99 58 114 64 
aagr-4 154 95 46 91 70 
control 162 100 51 100 69 

 
Table 5: GAA activities after separate RNAi of aagr-1-4 and effect of acarbose. Table shows 
GAA activities after eight RNAi experiments measured at acidic pH with or without 8 µM acarbose. 
The influence of acarbose is demonstrated by the final column. The biggest inhibition effect of 
acarbose was observed after RNAi of aagr-1. All measurements were done at 37 oC. 
 
 
5.1.2.5 Isolation and characterization of the aagr-1 and aagr-4 deletion mutants  

Deletion mutants of aagr-1 (ok2317) and aagr-4 (ok1423) were kindly generated by 

C. elegans Gene Knock-out Consortium [259]. We used the PCR primer data provided by the 

C. elegans Gene Knock-out Consortium to analyse the extent of the deletions. 

 

 
Figure 15: Schematic representation of deletions in the aagr-1 (RB1790 deletion strain) and 
aagr-4 (RB1307 deletion strain) gene. The position and extent of the (A) RB1790 and (B) RB1307 
deletions are represented below the relevant gene. The size of the gDNA (in the brackets) is shown for 
comparison. 
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The sequence analysis of the gDNA of the ok2317 strain disclosed 1162 bp long 

deletion that leaded to the loss of 224 C-terminal base pairs of the exon 9, complete introns 9, 

10, 11 and exons 10, 11 and 65 base pairs from intron 12 (Figure 15A). The ok2317 deletion 

leads to the loss of 218 amino acids of the primary structure of the AAGR-1 protein. Majority 

of the missing amino acids (205) form the active domain and cover α4-helix and final 4 βα 

repetitions in the (βα)8−core barrel structure according to the multiple amino acid alignment 

(see Figure 24 and 25). 

Detailed microscopic analysis of the ok2317 animals did not reveal any abnormal 

morphological or other observable phenotype. We performed GAA activity measurements at 

pH values 4.0 and 6.5 and parallel acarbose inhibition in the back-crossed nematode cultures 

homogenates of ok2317 strain and the standard N2 Bristol strain in order to evaluate the 

impact of the deletion on the enzymatic activity of this predicted acidic activity glycosyl 

hydrolase. We observed that acidic GAA activity significantly decreases as compared to 

standard N2 Bristol strain and that the residual acidic activity is strongly inhibited by acarbose 

(Table 6). These results are in full accordance with the activity values acquired after RNAi 

assays of aagr-1 in N2 Bristol strain (Tables 4 and 5) and thus support our previous finding 

that AAGR-1 is the least acarbose sensitive acidic AAGR and thus the most probable ortholog 

of human acid α-glucosidase.  

 

  α-glucosidase activity [nmol/mgprotein*h] % of 
activity 

inhibited 
by 

acarbose 

  pH 4 pH 4 pH 6,5 
C. elegans strain acarbose - acarbose + acarbose - 

  activity % of control activity % of control activity % of control 

aagr-1 - ok2317 147 75 12 33 329 83 92 
N2 Bristol 198 100 37 100 398 100 81 

 
Table 6: GAA activities of the ok2317 deletion mutant. Table shows GAA activities of aagr-1 
deletion mutant compared to control N2 Bristol strain. The impact of acarbose is demonstrated in the 
final column. All measurements were done at 37 oC. 
 

Unfortunately, the aagr-1 deletion mutant does not clearly replicate GSD type II 

(Pompe) phenotype. We explain this finding primarily by the existence of the second enzyme 

(aagr-2) with acidic glucosidase activity in C. elegans and which probably compensates the 

deficient acidic glucosidase activity of aagr-1. The possibility of compensation is further 

supported by the results from RNAi experiments of aagr-1 and aagr-2, respectively. 

Biochemical analyses of ok2317 mutant strain show that contribution of aagr-2 to the total 
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acidic GAA activity is predominant over the contribution of aagr-1 (only about 25% of total 

activity). We can also speculate whether the substrate turnover in worms and whether the 

duration of live cycle of C. elegans are sufficient to allow lysosomal storage buildup. Based 

on this assumption, it is possible that double knockout of both enzymes with acidic GAA 

activity in C. elegans AAGR-1 and AAGR-2 could be suitable model for study Pompe 

disease and may provide valuable information about the suitability of C. elegans deletion 

mutants of lysosomal hydrolases as appropriate models of human lysosomal storage disorders.  

We analysed the ok1423 strain on the level of the genomic DNA. The sequence 

analysis revealed 1832 bp long deletion that resulted in the loss of 421 C-terminal base pairs 

of the exon 4, complete intron 4 and exon 5 and 45 base pairs from intron 5 (Figure 15B). The 

ok1423 deletion leads to the loss of 281 amino acids from the conceptual translation of the 

aagr-4 gene, including the complete active site and the first 6 βα repetitions in the (βα)8 - 

core barrel according to the multiple amino acid sequence alignment.  

We performed detailed microscopic analysis of the ok1423 animals; however we did 

not see any abnormal morphological or other observable phenotype. Consequential 

measurement of GAA activities in the homogenates of deleted vs. standard N2 Bristol strain 

at pH values 4.0 and 6.5 showed the insignificant impact of the deletion on enzymatic 

activities at both pH levels (Table 7). To investigate the contribution of the two predicted 

neutral activity enzymes, AAGR-3 and AAGR-4, to the global neutral GAA activity, we 

performed RNAi assays against aagr-3 mRNA in ok1423 back-crossed strain. The acquired 

activity values measured at neutral pH corresponded with the values obtained by the RNAi 

experiments against aagr-3 in N2 Bristol strain. Activity values measured at acidic pH did not 

differ from the controls (Table 7). Based on these results we conclude that AAGR-4 provides 

only a minor portion of the global neutral GAA activity in contrast to the dominant 

contribution of AAGR-3. 

 

  α-glucosidase activity [nmol/mgprotein*h] 
C. elegans strain pH 4 pH 6,5 
aagr-4 - ok1423 134 82 264 95 

N2 Bristol 165 100 277 100 
RNAi of aagr-3 in ok1423 strain  260 110 99 26 

control in ok1423 238 100 375 100 
 
Table 7: GAA activities of the ok1423 deletion mutant. Table shows GAA activities of aagr-4 
deletion mutant compared to control N2 Bristol strain and GAA activities after aagr-3 RNAi 
experiment in ok1423 strain which are comparable to activities values after RNAi of aagr-3 in N2 
worms. All measurements were done at 37 oC. 
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5.1.2.6 Transcriptional GFP fusions of aagr-1 and aagr-2 genes 

In order to evaluate the expression patterns of the acid GAA orthologs AAGR-1 and 

AAGR-2 we prepared transcriptional GFP fusion constructs containing regulatory sequences 

of the genes making up aagr-1 and aagr-2 genes, and CEOP4284 operon.  

 

5.1.2.6.1 Operon CEOP4284 and aagr-1 

Genomic region including CEOP4284 operon which includes two genes sqv-1 [287] 

and D2096.12 and downstream gene of our prime interest - aagr-1 (D2096.3), was divided 

into four fragments (Figure 16) in order to evaluate the extent of regulatory sequences of the 

individual genes.  

 

 
Figure 16: Schematic representation of extrachromosomal GFP expression constructs on operon 
CEOP4284 and aagr-1 gene and relevant RNA transcripts. (A) Transcriptional GFP constructs 
pJS1 (796 bp of the operon nucleotide sequence; shown in black), PJS4 (3300 bp; in red) and pJS6 
(5531 bp; in blue). (B) Transcriptional GFP construct pJS8 (2106 bp) including immediate aagr-1 
regulatory sequence. 
 

Transcriptional extrachromosomal GFP constructs covering intergenic region between 

sqv-1 and D2096.12 and 5 kb of cosmid D2096 genomic region upstream of D2096.12 ATG 

including entire coding region of sqv-1 (pJS6) revealed broad expression GFP pattern in 

many types of nematodes´ tissues such as intestinal cells, pharyngeal muscle, coelomocytes, 

body wall muscle cells, pharyngeal and rectal glands, epidermal cells and rectal sphincter 

(Figure 17). GFP expression was observed also in a population of head neurons. The 

expression was detectable during whole development of the nematode from embryonal to 

adult stage (Figure 17). We prepared two GFP constructs either with nuclear localization 

sequence (NLS) (vector pPD95.69) or without it (vector pPD95.75). The NLS motif is used to 

enhance GFP expression. Because the presence of NLS has not changed the GFP expression 



67 
 

pattern compared with its absence in the fusion constructs, we resorted to work further only 

with constructs without NLS (vector pPD95.75).  

 

 
Figure 17: GFP expression of the transgenic worms carrying pJS6 construct.  (A) The non-
transgenic (1) and pJS6 construct carrying (2) embryos. (a) DIC and (b) fluorescence non-confocal 
images. (B) The transgenic worm (2) with broad GFP expression pattern in intestinal cells, pharyngeal 
muscle cells, coelomocytes and head epidermal cells. The non-transgenic worm (1) is shown in the 
background. (C) Detailed view of the broad GFP expression pattern in intestinal cells, body wall 
muscles and two pairs of coelomocytes (asterisks). The picture C was acquired by 3D rendering of 
initial confocal Z-stacks. Scale bars represent 40 µm. 
 

Transcriptional extrachromosomal GFP construct covering 3kb region upstream of 

D2096.12 ATG (pJS4) showed only intestinal cells and pharyngeal muscle expression pattern 

(Figure 18) visible during all developmental stages of the nematode. 
GFP construct covering 459 bp upstream of D2096.12 ATG including only intergenic 

region between sqv-1 and D2096.12 (pJS1) revealed GFP expression limited to anal sphincter 

(Figure 19) and the temporal expression was coincident to pJS4 and pJS6. 

The last and for our research the most important GFP construct pJS8 includes 2106 bp 

of aagr-1 regulatory sequence, which cover 1340 bp upstream of aagr-1 ATG and complete 

intron 1. GFP expression was limited to six coelomocytes and in some cases to intestinal cells 

(Figure 20) and was observed in later developmental stages of the nematode (from L4 stage). 
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Earlier temporal expression was not observed even when extensively evaluated with confocal 

microscope. The expression pattern was similar to the one obtained by expression of gana-

1::GFP.  

GFP expression of constructs covering different lengths of regulatory sequence of 

CEOP4284 operon and aagr-1 showed broad spatial and temporal pattern and was dependent 

on the regulatory sequence length.  

 

 

 
Figure 18: GFP expression of the transgenic worm carrying pJS4 construct. The transgenic worm 
with GFP expression (A) in intestinal cells (arrow) and (B) in intestinal cells (arrow) and pharyngeal 
muscles (asterisks). (a) DIC and (b) fluorescence non-confocal images. Scale bars represent 40 µm. 
 
 

 
Figure 19: GFP expression of the transgenic worm carrying pJS1 construct limited to anal 
sphincter (arrows). (A) DIC and (B) fluorescence non-confocal images. Scale bar represents 40 µm. 
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Figure 20: GFP expression of the transgenic worm carrying pJS8 construct limited to 
coelomocytes (asterisks) and intestinal cells (arrow). Differentiation of the specific GFP signal from 
the intestinal autofluorescence was based on the acquirement of spectral confocal image and its 
subsequent mathematical unmixing according to reference spectra (see section 4.1.6). (A) The original 
spectral image with defined regions of interests used for linear unmixing: (1) GFP signal (small red 
circle) and (2) intestinal autofluorescence (blue circle). (B) Unmixed image demonstrated green GFP 
and yellow intestinal autofluorescence signals. (C) Corresponding DIC image. Scale bar represents 
40 µm. 
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5.1.2.6.2 Aagr-2 

Transcriptional extrachromosomal GFP construct of aagr-2 (pJS9) covered 3431bp 

upstream of aagr-2 ATG (Figure 21). Positive signal was spatially limited to membrane-

bounded vacuoles of  coelomocytes and the diffuse GFP signal was observed also in the 

pseudocoelom. Signal in the pseudocoelom was highly suggestive of coelomocytic secretory 

origin (Figure 22). We found no other GFP positive tissue. Temporally the expression was 

observed in L4 and adult nematode stages, similarly to GFP expression of aagr-1.  

 
Figure 21: Schematic representation of aagr-2 extrachromosomal GFP construct (pJS9) and its 
RNA transcript. 
 

 
 
Figure 22: GFP expression of the transgenic worm carrying pJS9 construct limited to vesicular 
compartments of coelomocytes (asterisks). Arrow shows the diffuse signal in pseudocoelom. Scale bar 
represents 40 µm. 



71 
 

The coelomocytes expression pattern of aagr-2, aagr-1 and gana-1 was very similar 

and together suggest high content of glycohydrolytic enzymes in these cells. 

 

5.1.2.7 Bioinformatic studies on aagr-1-4  

 This part of the thesis was performed in collaboration with Jakub Sikora1, Filip 

Majer1 and Karel Jelínek2 (1Charles University in Prague, 1st Faculty of Medicine, Institute of 

Inherited Metabolic Disorders; 2Charles University in Prague, Faculty of Science, 

Departement of Physical and Macromolecular Chemistry). 

 

 
Figure 23: Phylogenetic tree of AAGR-1-4 and other selected GH31 proteins constructed using 
maximum likelihood method. Bootstrap values at the nodes evaluate the tree (maximum 100). Black 
line divides enzymes with the acidic pH optimum (including AAGR-1 and -2) from the ones with 
neutral pH optimum (including AAGR-3 and -4) (for details see appended submitted manuscript). 
 

Multiple alignment of amino acid sequences of selected eukaryotic proteins from 

GH31 family and AAGRs demonstrated conservation of primary protein sequence within the 

extent of GH31 module [288]. The multiple alignment and unrooted phylogenetic tree (Figure 

23) divided protein sequences into two discrete clades. Proteins forming the first clade were 

confirmed or predicted  to have acid pH optima of enzymatic activity (GAA, SUIS, MGA) 

and included AAGR-1 and AAGR-2 and proteins from the second clade have neutral pH 

optima of enzymatic activity (GANC, GANAB) and included AAGR-3 and AAGR-4. The 
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immediate surroundings of the active site nucleophile (WiDMnE) was the most conserved 

region in the aligment. All bioinformatic studies (multiple alignment, phylogenetic analysis 

and homology modeling) were based on verified sequences of aagrs. 

Homology modeling was based on multiple alignment of E. coli YicI [219], S. 

solfataricus [224], H. Sapiens NtMGA [225] and all four AAGRs (Figure 24). The best 

template for all AAGRs was 3D structure of NtMGA [225] with inserted inhibitor acarbose. 

The most conserved part of all AAGRs proteins was the catalytic domain. The 

sequence identity of the catalytic domain between the template NtMGA and AAGR-1 and -2 

was higher when compared to AAGR-3 and -4. AAGR-1 and -2 possess both structural 

inserts (proximal 1 and distal 2) in the catalytic domain which are present in NtMGA and 

MalA proteins (Figure 24 and 25). In addition, both inserts in AAGR-1 and -2 contain unique 

additional insertions (for details see appended submitted manuscript). On the contrary, 

AAGR-3 and -4 do not have distal structural insert 2 and unique additional insertions of 

AAGR-1 and -2. Moreover, the entire N-terminal domain of AAGR-3 and -4 shares low level 

of identity with all templates because of their higher similarity with GANAB and GANC 

proteins (for details see appended submitted manuscript). 

We observed only few substitutions in the active site of AAGR-1-4. The most 

important difference between templates and model molecules was the substitution 

tyrosine/tryptophan (Y/W) in the active site which may discriminate between proteins which 

are inhibited/uninhibited by acarbose.  The residues Y299 of NtMGA aligns to Y184 in MalA 

and structurally corresponds to Y304 in AAGR-2 (proteins inhibited by acarbose) but is 

substituted by W316, W361 and W353 in AAGR-1, -3 and -4 (proteins insensitive to 

acarbose) (Figure 24 and 25). These results further confirm AAGR-1 as the true ortholog of 

human acid α-glucosidase. For details about homology modeling and docking see appended 

submitted manuscript.  

To conclude, the use of rationally designed [289] or other described GH31 

substrates/inhibitors [290] and methods like site directed mutagenesis could further elucidate 

the enzyme specificity and physiological functions of the nematode´s AAGRs. Thereafter, it 

is plausible to speculate about the potentional misinterpretations of GAA activity assay with 

acarbose inhibition in GSD type II diagnostics caused by pathogenic substitutions in the 

presumed GAA active site residues (for details see appended submitted manuscript). 
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5.1.3. Characterisation of human Acetyl-CoA: α-glucosaminide N-acetyl-

transferase on the cellular level (appended publication 2 and supplementary 

material to this publication) 
 

Based on the results of linkage analyses that narrowed the candidate region for human 

heparin acetyl-coenzyme A:α-glucosaminide N-acetyltransferase (HGSNAT, N-

acetyltransferase) to a 2.6-cM interval between D8S1051 and D8S1831, we identified the 

TMEM76 gene. TMEM76 was located within the candidate region as the gene that encodes 

lysosomal HGSNAT and whose deficit causes mucopolysaccharidosis IIIC (MPSIIIC, or 

Sanfilippo C syndrome) (for details see appended publication 2). Concurrently with 

publication of our results another group reported the same gene found by proteomic analyses 

[236]. 

 
 
5.1.3.1 Sequence verification of predicted gene 

 We verified the sequence of the predicted gene by sequencing of the full-length cDNA 

(4.5 kb) which is composed of two polyadenylation signals and 1992 bp long coding sequence 

containing 18 exons. The cDNAs acquired from various tissues were amplified in overlapping 

PCR fragments. We found that HGSNAT is ubiquitously expressed in all evaluated human 

tissues with the highest expression in leukocytes, placenta, heart, lung and liver. These results 

were consistent with results acquired by Northern-blotting (see appended publication 2). In 

addition to the full-lenght transcript we amplified two shorter ones by RT-PCR. We identified 

one shorter alternative transcript with spliced out exons 9 and 10 resulting in an in-frame 

deletion of 64 amino acids. We suppose that this transcript does not encode an active enzyme 

because it was detected in two patients with MPSIIIC who had almost complete loss of 

HGSNAT activity. The second shorter transcript lacked exons 3, 9 and 10 and led to an in-

frame deletion of 107 amino acids.  

 

5.1.3.2 Basic bioinformatic analysis 

 An integrated bioinformatic search reveal that HGSNAT encodes a protein composed 

of 663 amino acids (73 kDa) with N-terminal signal peptide, 11 predicted transmembrane 

domains and 4 potentional N-glycosylation sites (Figure 26). The signal peptid prediction 

done by SignalP server [254] predicted presence of N-terminal signal sequence with high 

probability (0.996). The most probable signal sequence cleavage site was predicted between 
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residues 47-48 or 58-59. Cleavage position is consistent with length of predicted signal 

peptid. Prediction of transmembrane domains in HGSNAT sequence truncated of predicted 

signal peptide sequence was performed by TMHMM server [254] and proposed 11 

transmembrane domains with high probability (0.900-1.000) (see Figure 26). NetNGlyc 

server [254] was used for prediction of N-glycosylation sites in HGSNAT. Prediction results 

revealed four potentional N-glycosylated sites in positions N94, N142, N162 and N461 from 

the first methionin. For schematic representation see Figure 26. 

 
Figure 26: Schematic representation of HGSNAT protein in lysosomal membrane. HGSNAT 
contains 11 predicted transmembrane domains (red cylinders) and four potentional N-glycosylation 
sites (black circles). 
 

Surprisingly, although it is present in a variety of mammalian genomes, the sequence 

homology searches demonstrated that HGSNAT does not have a structural similarity neither 

to any known prokaryotic or eukaryotic N-acetyltransferase nor to other lysosomal protein. 

HGSNAT shares homology with conserved uncharacterized family of bacterial membrane 

proteins COG 4299 (for details see appended publication 2). Based on these findings we were 

not surprised that C. elegans lacks HGSNAT ortholog in Wormpep database and also that the 

measurements of HGSNAT activity in C. elegans N2 homogenates revealed insignificant 

values. Based on these results we decided not to study HGSNAT in C. elegans. 

 

5.1.3.3 Cellular distribution of HGSNAT (supplementary material to the appended 

publication 2) 

 We have obtained an affinity purified rabbit polyclonal antibody against a peptide 

epitope from one of the HGSNAT extramembrane domains which we have further used for 

characterisation of cellular distribution of HGSNAT in normal human fibroblasts and 

fibroblasts acquired from patients with selected lysosomal storage disorders. The specifity of 

the antibody was verified by Western blotting and by measuring of dependence of HGSNAT 

activity on concentration of the antibody (Figure 27). The activity of HGSNAT was inhibited 
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by increasing concentration of antibody in contrast to activity of control enzyme β-

hexosaminidase that did not change during experiments. 

 
 
Figure 27: Graph of dependence of HGSNAT and β-hexosaminidase activities on concentration 
of antibody against HGSNAT. Activity of HGSNAT is inhibited by increasing concentration of 
antibody. Activity of control enzyme β-hexosaminidase remains constant. The curves represent linear 
regression. 
 

 
 
Figure 28: Subcellular organellar distribution of HGSNAT. Double immunolabeling of HGSNAT 
with (A) external Golgi apparatus 58K protein, (B) endoplasmic reticulum resident protein – protein 
disulfide isomerase (PDI) and (C) inner mitochondrial membrane marker – subunit I of cytochrome 
oxidase. HGSNAT signal is shown in green, the other detected epitopes are in red. Nuclei were 
counter stained with DAPI (in blue). Scale bars represent 10 µm. 
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Immunofluorescence microscopy showed that in control cultured human fibroblasts 

the anti-HGSNAT antibody stained a subpopulation (approximately 25- 50% of LAMP2-

positive vesicles) of lysosomes. The signal did not systematically co-localize with any of the 

other organellar markers: PDI (endoplasmic reticulum), Golgi 58K (Golgi apparatus), COXI 

(mitochondria) (Figure 28).  

The systematic co-localization studies with EEA1 (early endosomal compartment), 

mannoso-6-phosphate receptor (M6PR, late endosomal compartment), cathepsin D 

(lysosomal luminal protein) and LAMP 2 (lysosomal associated membrane protein) (Figures 

29 and 30) showed that the anti-HGSNAT antibody is not detected neither in early nor late 

endosomes but stained only discrete regions of the lysosomal membrane probably on its 

luminal side.  

 

 
 
Figure 29: Distribution of HGSNAT throughout the endosomal-lysosomal system. Double 
immunolabeling of HGSNAT with (A) early endosomal antigen 1 (EEA1) (early endosomes), (B) 
mannose-6-phosphate receptor (M6PR) (late endosomes), (C) cathepsin D (lysosomal luminal protein) 
and (D) lysosomal associated membrane protein 2 (LAMP 2) (lysosomal membrane). HGSNAT signal 
is shown in green, the other detected epitopes are in red. Nuclei were counter stained with DAPI (in 
blue). Scale bars represent 10 µm. 
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Figure 30: Detail view of HGSNAT distribution in the lysosomal membrane. HGSNAT signal is 
shown in green, LAMP 2 signal in red and nuclei (detected by DAPI) in blue. Image was acquired by 
3D rendering of initial confocal Z-stacks in Imaris Personal software. Scale bar represents 10 µm. 
 

Even thought the images suggest intraluminal orientation of the peptide epitope in 

HGSNAT protein, this observation should be perceived carefully, because the transmembrane 

orientation may depend on the protein´s functional status. The immunoelectron detection of 

HGSNAT (performed in collaboration with RNDr. Dusan Cmarko, Ph.D. (Charles University 

in Prague, 1st Faculty of Medicine, Institute of Cell Biology and Pathology)) in enriched 

lysosomal franctions further confirmed the localization in discrete regions of lysosomal 

membranes (Figure 31). The HGSNAT signals were accumulated on several, luminal located 

sites of single vesicular structures and suggest the possibility that lysosomal membrane could 

contain multiple membrane microdomains. These results corresponded well with the 

microdomain localization of HGSNAT previously proposed by biochemical methods [242].  

In spite of apparent microdomain localization, HGSNAT did not co-localize with 

tested protein and lipid microdomain markers such as flotillin 1, GM1 ganglioside or 

globotriaosylceramide (Gb3) (Figure 32). Filipin staining (Figure 32C) for cholesterol was 

also not prominent in HGSNAT-positive regions, which makes HGSNAT presence in 

cholesterol microdomains unlikely. HGSNAT, however, partially co-localized with sortilin 

(Figure 33), a receptor in the alternative pathway for transport of soluble or membrane-

associated lysosomal proteins into lysosomes [134, 136, 138]. Based on the result we 

hypothesize that lysosomal sorting of the HGSNAT can be sortilin dependent. 
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Figure 31: Immunoelectron detection of HGSNAT (arrows) in enriched lysosomal fraction. 
Indirect immunogold (6 nm) technique was used for detection. The magnification was 60 000 x. 
  

 
 
Figure 32: Distribution of HGSNAT in relation to some microdomain markers and selected 
membraneous lipidic moieties. Double labeling of HGSNAT and (A) GM1 ganglioside detected by 
choleratoxin B subunit binding, (B) globotriaosyl ceramide (Gb3 antibody), (C) cholesterol (filipin 
binding) (non-confocal image) and (D) membrane microdomain marker Flotilin. HGSNAT signal is 
always shown in green, filipin signal in blue and other detected macromolecules in red. Nuclei in 
images (A), (B) and (D) were counter stained with DAPI and are shown in blue. Images were acquired 
by 3D rendering of initial Z-stacks in Imaris Personal software. Scale bars represent 10 µm. 
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Figure 33: Double immunolabeling of HGSNAT (in green) and sortilin (in red). Scale bar 
represents 10 µm. 
 

We studied the cellular distribution of HGSNAT in selected lysosomal storage 

disorders (Figure 34). The transport of HGSNAT apparently does not depend on MPR as it 

reached lysosomes in I-cell disease cells (N-Acetylglucosamine-1-phosphotransferase 

deficiency) [132]. This finding was not surprising because MPRs are receptors for delivering 

of soluble lysosomal proteins to LE. The subcellular distribution of HGSNAT also does not 

seem to be affected by deficiencies in other proteoglycan hydrolytic lysosomal pathways as 

demonstrated in selected mucopolysaccharidoses (I, II, IIIA and IIIC) cell lines. The 

expansion of the lysosomal system is evident especially in I-cell disease affected cells. 

We were further interested in distribution of HGSNAT compared with its substrate – 

heparan sulphate (Figure 35). Surprisingly we were not able to demonstrate systematic co-

localization of HGSNAT and heparan sulphate (HS) in any kind of evaluated cell lines. The 

antibody (Seikagaku Corporation) was prepared against the liposome-incorporated membrane 

heparan sulphate proteoglycan from human fetal lung fibroblasts and probably recognizes 

predominantly the whole heparan sulphate´s molecules. However, the antibody not 

necessarily recognises partially degraded forms of HS, which is present in lysosomes and also 

stored in MPS affected cell lines. So we explain this finding by the detection limits of the 

antibody and indirect immunofluorescence techniques. In addition, we have not yet quantified 

the overall content of heparan sulphate in any of the images. 
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Figure 34: Cellular distribution of HGSNAT in selected lysosomal storage disorders. (A) I-cell 
disease (deficiency of N-acetylglucosamine-1-phosphotransferase) - double immunolabeling of 
HGSNAT with M6PR.  Parallel immunolabeling of HGSNAT and LAMP 2 in (B) I-cell disease, (C) 
mucopolysaccharidosis type I (MPS I), (D) mucopolysaccharidosis type II (MPS II), (E) 
mucopolysaccharidosis type IIIA (MPS IIIA) and (F) mucopolysaccharidosis type IIIC (MPSIIIC). 
HGSNAT signal is shown in green, the other detected epitopes are in red. Nuclei were counter stained 
with DAPI (in blue). Scale bars represent 10 µm. 
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Figure 35: Cellular distribution of HGSNAT in relation to its substrate heparan sulphate in 
selected lysosomal storage disorders. (A) control fibroblasts (for comparison), (B) I-cell disease, (C) 
MPS I, (D) MPS II, (E) MPS IIIA and (F) MPSIIIC deficient fibroblasts. HGSNAT signal is shown in 
green, heparan sulphate is in red. Scale bars represent 10 µm. 
 

The supplementary material to the appended publication 2 provides evidence of the 

presence of microdomains in lysosomal membrane on microscopy level and confirms the 

microdomain localization of HGSNAT in lysosomal membrane. In addition, we found out 

that the microdomains containing HGSNAT are not formed by any tested protein and lipid 

microdomain components, such as flotillin 1, GM1 ganglioside, globotriaosylceramide and 

cholesterol. These results will be an important part of the next publication about HGSNAT 

(manuscript in preparation). 
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6. Conclusions 
 

6.1 General conclusions 

 The principal theme of this thesis was the study of selected deficits of lysosomal 

glycans metabolism - Fabry, Schindler, Pompe and Mucopolysaccharidosis IIIC diseases. The 

majority of this work was focused on simple metazoan model organism Caenorhabditis 

elegans and its use in modeling of lysosomal enzymopathies. The most important step was the 

identification of true nematode´s orthologs of selected human hydrolases and their 

characterisation. The main approach in modeling of diseases was RNA-mediated interference 

of relevant orthologous genes. We found that RNAi did not provide sufficient expression 

knock-down of hydrolases, which is necessary for development of lysosomal storage. Based 

on these results we propose that deletion mutants of relevant lysosomal hydrolases with zero 

activity may serve as valuable models for studying human LSDs. Even though we did not 

manage to generate strains with lysosomal storage, study of C. elegans orthologs of lysosomal 

glycosidases provided important information about these proteins and their phylogeny which 

could be applied in further studies of these diseases. In addition, as was shown in many other 

studies [81], C. elegans is a valuable model organism for studying human pathology states 

even in cases when the nematode´s mutant phenotype does not fully replicate human disease 

pathology. 

 The last part of this thesis dealt with the characterisation of lysosomal membrane 

protein HGSNAT mutated in mucopolysaccharidosis IIIC, which catalyzes a key step in 

degradation of glycosaminoglycan heparan sulphate. We found that HGSNAT does not have 

any C. elegans ortholog. The study of the cellular distribution of HGSNAT showed that 

HGSNAT is situated in discrete regions of lysosomal membranes and is present only in a 

subpopulation of lysosomal cellular pool. Our study gave evidence of presence of lysosomal 

membrane microdomains. 

 

6.2 Individual conclusions 

 We found only one C. elegans ortholog (GANA-1) of both human α-GAL A and α-

NAGA proteins. Biochemical, RNAi, GFP expression and bioinformatic analyses confirmed 

our assumption that GANA-1 has both α-GAL and α-NAGA activities and is localized in 

acidic cellular compartment. In addition, phylogenetic and homology modeling analyses 

confirm the hypothesis that α-Gal A and α-Naga genes arose by duplication from a 
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hypothetical ancestral gene and that gana-1 probably developed from this hypothetical 

ancestral gene before the duplication event. We propose that a deletion mutant of gana-1 may 

provide a suitable model for studying Fabry and Schindler diseases in C. elegans.  

 

 We found four potential C. elegans orthologs (aagr-1-4) of human acid α-glucosidase. 

We determined that AAGR-1 and -2 have predominant acidic and AAGR-3 and -4 neutral 

GAA activity based on results of biochemical, RNAi, GFP expression, bioinformatic and 

mutant analyses. We demonstrated that AAGR-2 is the prevalent contributor to the total 

acidic and AAGR-3 to the total neutral GAA activity and that expression of the acidic 

proteins AAGR-1 and -2 is localized to a subset of endocytically active cells. Our results 

shown that AAGR-1 is the least acarbose sensitive acidic AAGR which was further supported 

by the analysis of aagr-1 deletion mutant. Based on these outcomes we consider AAGR-1 

likely true ortholog of human acid α-glucosidase. However, deletion mutant of aagr-1, which 

we had at our disposal, does not clearly replicate GSD type II (Pompe) lysosomal storage 

phenotype. That is apparently due to existence of the second enzyme AAGR-2 with acidic 

GAA activity which sufficiently compensates the deficient AAGR-1 activity. We speculate 

that double knockout of both C. elegans gene aagr-1 and -2 could be a suitable model for 

GSD type II. 

 

 We identified the gene coding HGSNAT based on the genetic linkage analysis. 

Sequence verification confirmed that cDNA of HGSNAT is 4.5 kb long and contains 1992 bp 

long coding sequence composed of 18 exons. HGSNAT is ubiquitously expressed in various 

human tissues. Bioinformatic analyses reveal that HGSNAT contains N-terminal signal 

peptide, 11 predicted transmembrane domains and 4 potential N-glycosylation sites. 

Interestingly, the sequence homology searches indicate that human HGSNAT does not share 

homology with any known prokaryotic or eukaryotic N-acetyltransferase (including C. 

elegans) except its mammalian orthologs. Immunofluorescence microscopy analyses 

demonstrated that HGSNAT is present only in a fraction of lysosomes and is localised in 

microdomains of lysosomal membranes. The partial co-localisation of HGSNAT and sortilin 

suggests sortilin dependent lysosomal sorting of HGSNAT. The cellular distribution of 

HGSNAT does not seem to be influenced by lysosomal storage. 
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7. Abbreviation 
 
aagr acid α-glucosidases related 
AP adaptor protein 
ASM acid sphingomyelinase 
BBB blood – brain barrier 
bp base pairs 
BSA bovine serum albumin 
C. briggsae Caenorhabditis briggsae 
C. elegans Caenorhabditis elegans 
CD-MPR cation – dependent mannose-6-phosphate receptor 
cDNA complementary DNA 
CGC Caenorhabditis Genetics Center 
CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate 
CI-MPR cation - independent mannose-6-phosphate receptor 
CMA chaperone – mediated autophagy 
CNS central nervous system 
Co A coenzyme A 
CON A concanamycin A 
DAPI diamidinophenyl idole 
dauers dauer larvae 
D-Gal D-galactose 
D-GalNAc N-acetyl-D-galactosamine 
DGNJ deoxygalactonojirimicine 
DIC differential interference contrast 
DMEM Dulbecco’s modified eagle’s medium 
DMSO Dimethyl sulfoxide 
DNA deoxyribonucleic acid 
DOPE Discrete Optimized Protein Energy 
DRM detergent resistant membrane 
dsRNA double-stranded RNA 
E. coli Escherichia coli 
e.g. exempli gratia 
EE early endosome 
EEA early endosome antigen 
EET enzyme enhancement therapy 
ER endoplasmic reticulum 
ERAD endoplasmatic reticulum – associated degradation 
ERT enzyme replacement therapy 
EST expressed sequence tag  
EtDO-P4 1-ethylendioxyphenyl-2-palmitoylamino-3-pyrrolidinopropanol 
FCS fetal calf serum 
Fig. Figure 
FITC fluorescein isothiocyanate 
Ga2Cer galabiosylceramide 
GAA acid α-glucosidase 
GAG glycosaminoglycan 
GANA-1 α-GAL and α-NAGA C. elegans ortholog 
GANAB glucosidase II alpha subunit 
GANC neutral α-glucosidase C 
Gb 3 globotriaosylceramide 
Gb3Cer globotriaosylceramide 
gDNA genomic DNA 
GFP green fluorescent protein 
GGA monomeric adaptor protein 
GH31 glycosyl hydrolases family 31 
GSD II glycogen storage disease type II 
GSL glycosphingolipids 
HGSNAT heparin acetyl-coenzyme A:α-glucosaminide N-acetyltransferase 
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HS heparan sulphate 
Hsc70 heat shock cognate protein 70 
ICD I-cell disease 
IMD inherited metabolic diseases 
IPTG isopropyl-β-D-thiogalactopyranoside 
kb kilobase 
L1-4 larval stages 1-4 
LAMP lysosomal associated membrane protein 
LAP lysosomal acid phosphatase 
LE late endosome 
LIMP lysosomal integral membrane protein 
LMP lysosomal membrane protein 
LRO lysosome – related organelles 
LSD lysosomal storage diseases 
Ly-hsc70 lysosomal heat shock cognate protein 70 
Ma mouse 
MALS macroautophagy/lysosomal system 
M6P mannose-6-phosphate 
Mb megabase 
MGA maltase – glucoamylase 
min minute 
MLII mucolipidosis II 
MPR mannose-6-phosphate receptor 
MPS mucopolysaccharidoses 
mRNA messenger RNA 
MU methylumbelliferyl 
NCL neuronal ceroid lipofuscinosis 
NCRR National Center for Research Resources 
NGM nematode grow medium 
NLS nuclear localization sequence 
NPC Niemann-Pick type C 
NtMGA N-terminal subunit of human maltase-glucoamylase 
ORF open reading frame 
OST open reading frame sequence tag 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
PDI protein disulfide isomerase  
PSF point spread function 
Ra rabbit  
RNA ribonucleic acid 
RNAi RNA - mediated interference 
RT room temperature 
RT-PCR reverse transcription polymerase chain reaction 
s second 
SAPLIP saposin – like protein 
SDS sodium dodecyl sulfate 
SL splice leader 
SNP single nucleotide polymorphism 
SRT substrate reduction therapy 
SUIS sucrase – isomaltase 
swPCR single worm PCR 
TGN trans Golgi network 
TMEM transmembrane protein 
TPP1 tripeptidyl peptidase I 
UTR untranslated region 
α-GAL α-galactosidase 
α-Glu α-glucosidase 
α-NAGA α-N-acetylgalactosaminidase 
β-Hex β-hexosaminidase 
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10. Appendix 
 
 
10.1. Tables of PCR primers and tables of single and double immunolabeling. 

 
Table 8: Primers for amplification of gana-1 PCR products (page 103). 

Table 9: Primers for amplification of operon CEOP4284, aagr-1 and aagr-2 PCR 

products (page 104). 

Table 10: Primers for amplification of aagr-3, aagr -4 and F53F4.8 (pseudogene) 

PCR products (page 105). 

Table 11: Primers for PCR amplification of HGSNAT cDNA (page 106). 

 

Table 12: Table of single immunolabeling (page 107). 

Table 13: Table of double immunolabeling (page 108). 
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Abstract
Background: Human α-galactosidase A (α-GAL) and α-N-acetylgalactosaminidase (α-NAGA) are presumed to share a
common ancestor. Deficiencies of these enzymes cause two well-characterized human lysosomal storage disorders (LSD) –
Fabry (α-GAL deficiency) and Schindler (α-NAGA deficiency) diseases. Caenorhabditis elegans was previously shown to be a
relevant model organism for several late endosomal/lysosomal membrane proteins associated with LSDs. The aim of this study
was to identify and characterize C. elegans orthologs to both human lysosomal luminal proteins α-GAL and α-NAGA.

Results: BlastP searches for orthologs of human α-GAL and α-NAGA revealed a single C. elegans gene (R07B7.11) with
homology to both human genes (α-galactosidase and α-N-acetylgalactosaminidase) – gana-1. We cloned and sequenced the
complete gana-1 cDNA and elucidated the gene organization.

Phylogenetic analyses and homology modeling of GANA-1 based on the 3D structure of chicken α-NAGA, rice α-GAL and
human α-GAL suggest a close evolutionary relationship of GANA-1 to both human α-GAL and α-NAGA.

Both α-GAL and α-NAGA enzymatic activities were detected in C. elegans mixed culture homogenates. However, α-GAL
activity on an artificial substrate was completely inhibited by the α-NAGA inhibitor, N-acetyl-D-galactosamine.

A GANA-1::GFP fusion protein expressed from a transgene, containing the complete gana-1 coding region and 3 kb of its
hypothetical promoter, was not detectable under the standard laboratory conditions. The GFP signal was observed solely in a
vesicular compartment of coelomocytes of the animals treated with Concanamycin A (CON A) or NH4Cl, agents that increase
the pH of the cellular acidic compartment.

Immunofluorescence detection of the fusion protein using polyclonal anti-GFP antibody showed a broader and coarsely granular
cytoplasmic expression pattern in body wall muscle cells, intestinal cells, and a vesicular compartment of coelomocytes.

Inhibition of gana-1 by RNA interference resulted in a decrease of both α-GAL and α-NAGA activities measured in mixed stage
culture homogenates but did not cause any obvious phenotype.

Conclusions: GANA-1 is a single C. elegans ortholog of both human α-GAL and α-NAGA proteins. Phylogenetic, homology
modeling, biochemical and GFP expression analyses support the hypothesis that GANA-1 has dual enzymatic activity and is
localized in an acidic cellular compartment.
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Background
Humans have two enzymes with α-galactosidase activity
and an acidic pH optimum, α-N-acetylgalactosaminidase
(α-NAGA) (previously called α-galactosidase B) and α-
galactosidase A (α-GAL). Hereditary deficiency of each of
the hydrolases causes a distinct lysosomal storage disorder
in humans, Schindler and Fabry diseases, respectively
[1,2].

Early studies suggested that both human enzymes were
glycoforms with similar substrate specifities. Purified
enzymes had similar physical properties, including subu-
nit molecular mass (~46 kDa), homodimeric structure,
and amino acid sequences. However, additional studies
showed kinetic, structural, and immunologic differences
proving that α-GAL and α-NAGA were products of two
different genes [3,4]. The two genes differed in the
number of exons (7 and 9, respectively) and also in the
number, placement, and orientation of Alu repeats. Exons
2 – 7 of the α-NAGA gene showed high similarity to the
first six exons of α-GAL gene. Because of the remarkable
amino acid identity (49%) and similarity (63%) between
the two genes and the similar intron placement, Wang [5]
and co-workers suggested that a duplication event
occurred during the evolution of both enzymes.

Both enzymes belong to the glycoside hydrolase family 27
clan D [6]. Glycoside hydrolase family 27 clan D
orthologs have been identified in a broad spectrum of
prokaryotes and eukaryotes, including plants. Members of
the family have a highly similar active site and share the
same reaction mechanism. The structures of chicken α-
NAGA, human α-GAL and rice α-GAL have been deter-
mined by X-ray crystallography [7-9]. Chicken and
human enzymes have a homodimeric quarternary struc-
ture whereas rice α-GAL acts as a monomer. The mono-
mer units are composed of two distinct domains. Domain
I contains the active site and adopts a (β/α)8 barrel struc-
ture, a domain fold observed commonly in glycosidases.
Domain II has eight antiparallel β strands, packed into
two β sheets in a β sandwich fold containing a Greek key
motif [8].

The physiological importance of both enzymes is evi-
denced by the severe presentation of α-NAGA and α-GAL
deficiencies in humans [1,2].

Our recent study on degradation of blood group A and B
glycolipids in Fabry cells indicated a high residual activity
in Fabry cells toward natural substrate glycolipid B-6-2
[10] although α-galactosidase activity was completely
absent when measured in vitro by routine procedures
using artificial substrates. We proposed that another
enzyme, different from α-GAL, contributes in vivo to
hydrolysis of α-galactosides. We suggested α-NAGA as the

most likely candidate. Human α-NAGA is known to
accept α-galactosides albeit with a high Km [11,12]. Its
activity must be inhibited when measuring α-GAL in tis-
sues with high α-NAGA activity [13].

We investigated the phylogenesis of a single C. elegans α-
GAL and α-NAGA ortholog (gana-1) to both human
genes. We present evidence suggesting that this gene has
indeed evolved from the α-GAL/α-NAGA ancestral gene
before the duplication event which resulted in separate α-
NAGA and α-GAL genes in higher metazoans. We further
performed structural analysis of the GANA-1 3D model
acquired by homology modeling. We determined the spa-
tial and temporal expression of the gene in transgenic
worms using a translational reporter and examined the
effect of RNA interference (RNAi) as a first step in the pos-
sible use of C. elegans as a model organism for Schindler
and Fabry diseases.

Results and discussion
cDNA amplification and sequencing
The complete C. elegans genome [14,15] contains only
one open reading frame, designated gana-1 (R07B7.11)
that has sequence similar to human genes encoding α-
GAL and α-NAGA. Similar results were obtained from
searching the available C. briggsae genome sequence [15].
The gana-1 gene consists of 5 exons and 4 introns and is
annotated as an ortholog of human α-NAGA. Several EST
clones for this open reading frame (ORF) have been
reported and open-reading-frame sequence tag (OST) is
present in the Worfdb database [16]. Available public
database data are in agreement with our findings.

We verified the gene structure by sequencing the PCR
products from genomic DNA and cDNA (Figure 1). The
analyzed region spanned the entire coding region and the
3' and 5' untranslated regions (UTR). The 5' UTR SL1 ele-
ment suggests that the gene is either the only gene tran-
scribed from the promoter or is the first gene in an operon
including gana-1 and the two predicted downstream genes
R07B7.12 and R07B7.13. Although this region has not
been reported as an operon, the physical distances
between this cluster of three genes are suggestive of an
operon [17-19]. No alternative splicing was found using
RT/PCR, a feature similar to both human and mouse
orthologs. RNA editing was reported in the 3' UTR of
human α-GAL, a finding that another group was unable to
confirm [20]. We noted no signs of RNA editing in clones
derived from the gana-1 cDNA.

Phylogenetic studies
We aligned GANA-1 protein sequence with other melibi-
ase family members (Figure 2) and constructed a phyloge-
netic tree (Figure 3). The alignment showed a striking
similarity of GANA-1 to all other included sequences.
Page 2 of 13
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GANA-1 had the highest sequence similarity with Anophe-
les gambiae GAL (46%), the lowest similarity was observed
with Streptomyces avertimilis GAL (22%). The results of our
phylogenetic analysis are in accordance with generally
accepted evolutionary concepts. The analysis identified
four main clades: animal NAGAs, animal GALs, plant/
lower organisms GALs and the clade containing sequences
of Drosophila melanogaster, Anopheles gambiae and
Caenorhabditis elegans. The branch including C. elegans is
positioned between higher animal GALs and NAGAs and
plant/lower organisms GALs. This position in the tree
infers the evolutionary ancestrality of gana-1 gene to both
animal GALs and animal NAGAs. However, this conclu-
sion is not in complete agreement with the presence of
pairs of genes in Drosophila and Anopheles genomes anno-
tated as α-GALs and α-NAGAs. The presence of these
genes in the Caenorhabditis/Drosophila/Anopheles branch
(and not in the GAL and NAGA clades) could be due to
low divergence of these sequences from a common ances-
tral gene or to independent gene duplication in the Dro-
sophila/Anopheles ancestral organism. It is also important
to note that the phylogenetic analysis by maximum parsi-
mony algorithm placed the Caenorhabditis/Drosophila/
Anopheles branch into the neighborhood of the animal
NAGAs branch [8]. In this case the computational algo-
rithm probably favored the lower number of necessary
sequence changes (parsimony) between GANA-1 and
NAGA clade sequences.

In our opinion, the phylogenetic analysis provides evi-
dence that the GANA-1 evolved from a common ancestor
of α-GAL and α-NAGA enzymes. However, the topology
of the tree could also be explained by a loss of the second
gene during the evolution of C. elegans. In this case the
enzyme found in C. elegans would probably be the
ortholog of human α-NAGA and the lost gene would

likely be the ortholog of human α-GAL. The likelihood of
these two hypotheses depends on functional divergence
of duplicated gene products and their dispensability for
organism's metabolic pathways [21].

Homology modeling
The best Squared Root of Mean Square Deviations value
(RMSD), found between GANA-1 backbone atoms and
the chicken α-NAGA template [7], was 0.52 Å. The struc-
tural model of the enzyme molecule has a two-domain
structure (Figure 4A). Domain I, which contains the pre-
dicted active site, adopts a (β/α)8 barrel structure which
represents a common motif in many glycoside hydrolases.
Less conserved is domain II that has a β domain with β
sandwich structure containing a Greek key motif. The
active site pocket of GANA-1 is formed by the same twelve
amino acids (W31, D76, D77, Y118, C126, K152, D154,
C156, S186, A189, Y190 and R211) (Figure 4B) as in
chicken α-NAGA. This finding infers their identical func-
tion in catalytic reactions as described for chicken α-
NAGA [7]. D134 carboxyl starts the initial nucleophilic
attack and D215 carboxylic oxygen serves as a subsequent
donor and acceptor of the proton during the reaction
cycle.

Residues forming the "N-acetyl recognition loop" in the
chicken α-NAGA [8] (S172, A175, Y176) have the closest
contact with the N-acetyl moiety of the ligand. These resi-
dues are completely conserved between human and
chicken NAGAs, but in human α-GAL serin 172 is
replaced by glutamine and alanine 175 is replaced by leu-
cine. The replacements with bulkier residues apparently
discriminate between α-GAL and α-NAGA substrates.
While NAGAs can accommodate α-galactose and can have
some α-GAL activity, GALs do not have α-NAGA activity

gana-1 gene structureFigure 1
gana-1 gene structure. Schematic representation of gana-1 gene structure. The length of genomic DNA from start to stop 
codons is 1681 bp. The spliced cDNA consists of 1356 bp + 91 bp of 3' UTR.
Page 3 of 13
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Multiple alignmentFigure 2
Multiple alignment. Multiple alignment of 29 sequences homologous with GANA-1. These sequences represent animal, 
plant and protozoan kingdoms. The SwissProt/TrEMBL codes are part of the sequence names. Predicted signal peptides are 
shown in brown letters. In cases where two signal sequence prediction algorithms gave different results the difference is 
marked by amber color. The residues forming active site pocket of GANA-1 are indicated by arrowheads above the alignment. 
The catalytic domain I is indicated by green band above the alignment.
Page 4 of 13
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Cladogram of GANA-1 orthologsFigure 3
Cladogram of GANA-1 orthologs. Cladogram of GANA-1 orthologs. The numbers at the branch nodes represent boot-
strap values.
Page 5 of 13
(page number not for citation purposes)



BMC Cell Biology 2005, 6:5 http://www.biomedcentral.com/1471-2121/6/5
GANA-1 protein modelFigure 4
GANA-1 protein model. A) Ribbon representation of GANA-1 monomer model. A two-domain structure is apparent in 
the left picture. The N-acetyl-D-galactosamine (inhibitor) is placed into the active site. Dots represent VdW radii of surface 
atoms. B) Stereo picture of the active site pocket with N-acetyl-D-galactosamine (inhibitor) and amino acid labels. The viewing 
angles for stereo representation of the protein structure are ±2 degrees from the central axis.
Page 6 of 13
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and are not inhibited by N-acetylgalactosamine. The
corresponding residues of GANA-1 in the NAGA recogni-
tion loop are S186 and A189 and are characteristic for
NAGAs.

According to Garman [8] the key residue in the dimer
interface in human α-GAL is F273. Residues correspond-
ing to this position in other orthologs can serve as predic-
tive markers of the protein quartenary structure.
Phenylalanine or tyrosine is present in enzymes that act as
homodimers while glycin indicates a monomeric
structure [8]. The equivalent residue to human α-GAL
F273 in GANA-1 is lysine at position 257 which is sugges-
tive of homodimeric structure due to its sterical proper-
ties. The homology modeling showed that a groove
opposing K257 is formed by residues T260, L261, D262,
M263, I389, V390 and V391 of the other monomer unit
of GANA-1. In the case of chicken α-NAGA these residues
are equivalent to S246, Y247, E248, Q249, N375, P376
and S377 (for details see Additional file 1).

Biochemical studies
Standard bacteria/nematode separation protocol previ-
ously used by other authors [22,23] while evaluating lys-
osomal enzyme activites is based on sucrose flotation
approach. We avoided standard sucrose flotation of
worms because we could not exclude unpredictable arti-
facts caused by this compound, which is known to induce
artificial lysosomal storage in eukaryotic cells and to alter
lysosomal gene expression at concentrations significantly
lower [24] than those used in flotation protocols.

We found both α-GAL and α-NAGA enzymatic activities
in the homogenates from C. elegans N2 strain using 4-
methylumbelliferyl (MU) substrates. The α-NAGA activity
was dominant over the α-GAL activity. The activity of α-
NAGA measured at 37°C was 430 nmol.mg-1.h-1 with
MU-α-N-acetylgalactosaminide compared to the activity
of α-GAL with MU-α-galactopyranoside of 43 nmol.mg-

1.h-1 (about 10% of that of α-NAGA).

In the assay of α-GAL, the degradation of the MU-α-
galactopyranoside was inhibited up to 95% in the pres-
ence of N-acetyl-D-galactosamine (D-GalNAc), whereas
in the presence of D-galactose (D-Gal) the degradation of
the same substrate was inhibited up to 75%. In the assay
of α-NAGA, the degradation of the MU-α-N-acetylgalac-
tosaminide was inhibited up to 97% by D-GalNAc and up
to 90% by D-Gal. No inhibition of α-NAGA and α-GAL
activity by D-glucose was observed.

According to published observations in human enzymes,
D-GalNAc has no inhibitory effect on α-GAL activity. On
the other hand, human α-NAGA activity is inhibited by
both, D-GalNAc and D-Gal [25]. The model of GANA-1

predicts only one active site per monomer of the enzyme.
If the enzyme had activity toward both substrates, MU-α-
D-galactopyranoside and MU-α-N-acetylgalactosaminide,
it is to be expected that D-GalNAc and D-Gal would
inhibit both activities. The strong inhibitory effect of D-
GalNAc on the α-GAL activity, which is not present in
human α-GAL, supports the hypothesis that C. elegans has
only one enzyme with both α-GAL and α-NAGA activities.
Nevertheless, these experiments were not conducted with
the pure enzyme and thus do not provide absolute proof
of this hypothesis.

RNA interference
RNA interference assays directed against the whole coding
region of gana-1, employing combination of microinjec-
tion and feeding approaches, did not reveal any abnormal
morphological phenotypes. Nevertheless, measurement
of α-GAL and α-NAGA activities in four different experi-
ments showed a simultaneous decrease of both enzymatic
activities in RNAi-treated worms (Table 1) as compared
with control animals. In all RNAi experiments, both α-
GAL and α-NAGA activities decreased proportionally,
usually by tens of percent of activity of appropriate con-
trols. The activity of the control enzyme (β-hexosamini-
dase) did not differ between the RNAi-treated nematodes
and controls (data not shown). This finding supports the
specificity of gana-1 RNAi. The differences between indi-
vidual experiments are not surprising due to the well-
known variability in the efficiency of RNAi [26]. The
results of RNAi experiments further support the hypothe-
sis that GANA-1 has both enzymatic activities.

Both enzymatic activities were lower in RNAi-treated and
control worms cultured on the bacterial strain HT115 [26]
compared to a N2 strain cultured on the OP50 strain.

RNAi previously provided sufficient level of inhibition of
structural lysosomal proteins for development of abnor-
mal phenotypes in the worm [27,28]; however, it is appar-
ently not efficient enough for lysosomal catalytic proteins.

Expression of gana-1
To study the expression of gana-1 in C. elegans, we created
transgenic worms with a reporter gene containing the
entire coding region of gana-1 C-terminally tagged with
green fluorescent protein (GFP) under the control of a 3
kb region of the gana-1 hypothetical promoter. The pres-
ence of the gana-1::GFP transgene in the worms was con-
firmed on the level of genomic DNA, cDNA and protein.
However, no GFP signal was observed by fluorescence
microscopy under the standard laboratory conditions. As
Western blotting showed the presence of fusion protein of
the expected size (data not shown), we assumed that the
absence of the GFP signal was caused by a pH-dependent
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quenching of GFP fluorescence, which has neutral to alka-
line optimum (pH 5.5–12) [29].

To study the tissue and intracellular distribution of the
fusion protein, we resorted to immunofluorescence detec-
tion of the transgene product. Immunofluorescence detec-
tion of GFP fusion protein showed a specific and coarsely
granular cytoplasmic pattern of fusion protein expression.
This transgene product was limited to body wall muscle
cells (30% of population) (Figure 5A, Additional file 2) or
found in a broader tissue distribution that included body
wall muscle cells, intestinal cells and coelomocytes (3–5%
of population) (Figure 5B, Additional file 3).

This latter staining pattern is consistent with the GFP
detection in NH4Cl and concanamycin A (CON A) exper-
iments (Figure 6) discussed below. The expression of the
transgene was observed in about 30% of the population
which corresponded to usual expression efficiency of
extrachromosomal array transgenes [30,31]. The immun-
ofluorescence staining protocol resulted in a significant
decrease of inherent intestinal granular autofluorescence
previously assigned to secondary lysosomes [32]. The
decrease of autofluorescence intensity together with its
poorly defined emission spectra hampered co-localiza-
tion study.

To confirm that the absence of the GFP signal was due to
the quenching of fluorescence by low pH in the acidic cel-
lular compartment, we used two agents specifically alka-
lizing acidic cellular compartment [33,34] to enhance the
GFP emission. Soaking of gana-1::GFP transgenic animals
in NH4Cl or CON A resulted in a distinct GFP signal in a
vesicular compartment of endocytically active coelomo-
cytes in a small proportion of worms (3–5% of popula-
tion). The GFP signal intensity was dependent on the time
of incubation and the concentration of the alkalizing

agent used. The first visible GFP signal was observed after
8 hour incubation in 100 mM NH4Cl and within 2 hours
of incubation in 50 nM CON A. Lower concentrations of
both NH4Cl and CON A did not result in visible GFP sig-
nal even after prolonged incubation of up to 24 hours.
The reappearance of the GFP signal after treatment of the
worms with compounds increasing the acidic
compartment pH indirectly confirms lysosomal localiza-
tion of the fusion protein. The GFP signal in coelomocytes
had the same coarsely granular pattern as that observed
after immunostaining.

Limited access of alkalizing agents to the tissues can
explain the differences between the results of immunoflu-
orescence and alkalization studies.

Conclusions
Our findings showed that gana-1 is the only ortholog of
human α-NAGA and α-GAL in C. elegans. Based on
phylogenetic and homology modeling analyses we specu-
late that GANA-1 most probably developed from a hypo-
thetical ancestral gene before the duplication event which
gave rise to separate α-NAGA and α-GAL genes.

We also speculate that gana-1 gene product has both α-
NAGA and α-GAL activities as detected in C. elegans
homogenates. Importantly, both activities in the worm
were inhibited by D-galactose and N-acetyl-D-galactos-
amine, which is a specific inhibitor of human α-NAGA
and does not inhibit α-GAL.

The GANA-1::GFP fusion protein had a pattern of distri-
bution that is compatible with lysosomal subcellular
localization. The lysosomal localization of the fusion pro-
tein was also supported by pH sensitive fluorescence of
GFP that was detectable only after alkalization of the
acidic cellular compartment.

Table 1: α-GAL and α-NAGA activities after gana-1 RNAi. The table shows a proportional parallel decrease of both enzymatic 
activities (α-GAL and α-NAGA) after gana-1 RNAi compared to controls.

experiment sample α-GAL α-GAL (% of control) α-NAGA α-NAGA (% of control) α-NAGA/α-GAL (% of control)

nmol mg-1h-1 nmol mg-1h-1

1 control 1.78 100 53.13 100
gana-1 RNAi 1.19 67 26.63 50 0.75

2 control 13.26 100 221.68 100
gana-1 RNAi 11.1 84 195.13 88 1.05

3 control 3.43 100 61.68 100
gana-1 RNAi 1.02 30 11.75 19 0.63

4 control 9.6 100 212.1 100
gana-1 RNAi 2.9 30 50.69 24 0.80
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(page number not for citation purposes)



BMC Cell Biology 2005, 6:5 http://www.biomedcentral.com/1471-2121/6/5
Not suprisingly, RNAi of gana-1 yielded no abnormal
morphological phenotypes, most likely because it did not
provide sufficient knockdown of enzymatic activities,
necessary for development of lysosomal storage as
observed in human pathology states. Nevertheless, gana-1
RNAi resulted in a partial decrease of both enzymatic
activities supporting the notion that this gene encodes
both of them.

It is possible that a deletion allele of gana-1 may provide
more insight into the function of gana-1 and efforts are
underway to isolate such alleles. Deletion alleles of
lysosomal hydrolases may serve as valuable models of
human lysosomal storage disorders.

Methods
C. elegans methods, strains and nomeclature
The wild type Bristol N2 strain was used for all experi-
ments and was handled under standard laboratory condi-
tions as described previously [35]. Standard methods were
used for DNA microinjection [36] and dsRNA synthesis
and microinjection [37]. Nomenclature is in agreement
with available Genetic Nomenclature for Caenorhabditis
elegans [15] and has been approved prior to manuscript
submission.

BLAST search
Wormbase (2002–2004 versions and freeze versions
[15,38,39]) databases were repeatedly searched for

Alkalization of transgenic worms using CON AFigure 6
Alkalization of transgenic worms using CON A. Two coelomocytes showing a GFP signal in a membrane bound vesicu-
lar compartment (arrowheads) after 24 hour incubation in 50 nM CON A. DIC/fluorescence merged image.
Page 9 of 13
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human α-GAL and α-NAGA orthologs using the BLASTP
[40] program set at default values. Amino acid sequences
of human lysosomal α-GAL and α-NAGA (acc. no.
NP_000160 and acc. no. NP_000253 [41]) were used as
query sequences.

cDNA amplification and sequencing
Total RNA was isolated from mixed stages of N2 cultures
[42] and reverse transcribed with an oligodT-T7 (5'-
AATACGACTCACTATAG) primer and Superscript reverse
transcriptase (Invitrogen). The entire coding region of
R07B7.11 was PCR amplified in two overlapping PCR
products, with intragenic primers designed according to
available Wormbase [15] and Worfdb [16] data. SL1
primer (5'GGTTTAATTACCCAAGTTTGAG) and SL2
primer (5'GGTTTTAACCCAGTTACTCAAG) [17] together
with gene specific primer (5'ATCCTGATTAATTT-
TAATTGC) were used to amplify 942 bp of the 5' part of
the cDNA and to evaluate the mode of trans splicing; the
1142 bp fragment of the 3' end of cDNA was amplified
with T7 primer and a gene specific primer (5'CTTAAGTTT-
GGAATTTATGAA). The dominant PCR products were

cloned with TOPO TA cloning kit (Invitrogen) into the
pCR 2.1 vector. Positive clones were sequenced using the
Li-Cor automated fluorescent sequencer and sequences
were aligned with R07B7 reference cosmid sequence in
the AlignIR software (Li-Cor) to evaluate splicing bound-
aries and overall gene organization.

Multiple alignment and phylogenetic analyses
Confirmed or predicted amino acid sequences of melibi-
ase family members [43] representing plant, unicellular,
and animal kingdoms were aligned using ClustalW algo-
rithm [44] and Blosum62 matrix. The SwissProt/TrEMBL
[45] accesion code and source organism of the sequences
are depicted in Figure 2. The sequence alignment was used
for phylogenetic analysis with the software package
PHYLIP [46]. The phylogenetic tree is based on 100 boot-
straped input alignments and was constructed by maxi-
mum likelihood method with Jones-Taylor-Thornton
matrix model [47]. Sequence identities between species
were calculated without signal sequence in EMBOSS by
Needleman-Wunsch global alignment algorithm with
Blosum62 matrix, gap penalty – 10 and gap extension

Immunofluorescence detection of GANA-1::GFPFigure 5
Immunofluorescence detection of GANA-1::GFP. A) A coarsely granular cytoplasmic distribution of immunopositivity 
(green) in body-wall muscle cells (arrowheads). Two non-transgenic worms are shown in the background (asterisks) for com-
parison. Nuclei are counterstained in red. B) Detailed view of two body wall muscle cells with coarsely granular cytoplasmic 
distribution of immunopositivity (arrowheads) and a coelomocyte (asterisk), both pictures were acquired by 3D rendering of 
initial confocal Z-stacks. Note: compare with figure 6.
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penalty – 0.5 [8,48,49]. Signal peptides were predicted at
the SignalP server [50] both by algorithms using neural
networks and Hidden Markov Models. The results were
compared to known signal sequences. The differences
between signal peptides predicted by the algorithms are
depicted in Figure 2.

The 3D model of GANA-1 is based on the X-ray structure
of chicken α-NAGA, rice α-GAL and human α-GAL (PDB
codes 1ktcA, 1uas and 1r47, respectively) [7-9,51]. The
model was created using the automated homology mode-
ling server SwissModel with structure refinement and
model evaluation in the DeepView program [52]. The
print quality figures (Figure 4) and animations (Addi-
tional file 1) were ray traced using PovRay software pack-
age [53].

Transgenic GFP expression
The entire coding region of the gana-1 gene, including 3
kb of its 5'upstream sequence, was amplified from N2
genomic DNA through a nested PCR reaction using
DyNAzyme EXT™ PCR system (Finnzymes) and two pairs
of primers: the external pair (5'GTGAGAGTGGGGAGAT-
AGAA and 5'TCAATTTGCTTGAGGTACATA) and the
internal primers, with overhangs containing SphI and SalI
restriction sites respectively (5'ACATGCATGCAACTT-
TCACAGGAACACAAC and 5'CGACGTCGACAATT-
GAACTCTATTGGTTCTCAA). The amplified DNA
fragment (4709 bp) was cloned using TOPO-XL cloning
kit (Invitrogen) into the pCR-XL-TOPO vector. The SphI
and SalI gana-1 restriction fragment was recloned into the
GFP reporter vector pPD95.67 (supplied by A. Fire, Stan-
ford University). The in-frame nature of the insert was
confirmed by sequencing. The green fluorescent protein
(GFP) fusion construct pJH3 (50 ng/µl) and pRF4 plas-
mid (50 ng/µl) used as the dominant marker were co-
injected into the gonads of young adult N2 worms. Trans-
genic animals were screened for GFP signal. Nikon Eclipse
E800 with C1 confocal module and 488 nm and 543 nm
lasers and differential interference contrast (DIC) optics
was used for specimen examination. EZ-C1 software
(Nikon) was used for picture analysis and 3D rendering
(Additional Files 1, 3).

Alkalization of acidic cell compartment
Mixed stage pJH3 and N2 (control) cultures were har-
vested from NGM OP50 plates and washed with water.
Worms were pelleted by centrifugation (max. 1000 RPM,
2 min.) between the washes. Worms were treated with
either one of two agents (NH4Cl, concanamycin A – CON
A) [33,34], that are known to specifically increase pH in
the cellular acidic compartment. For the NH4Cl method,
animals were suspended in 0, 10, 25, 50, 75 and 100 mM
aqueous solutions of NH4Cl. Small aliquots of worms
were examined after 30 min, 2, 4, 6, 8 and 24 hours. For

CON A, animals were suspended in 0, 10, 20, 50, 100,
150, 200 nM solutions of CON A in aqueous media.
Small aliquots of worms were examined after 1, 3, 6 and
24 hours.

Microscopical examination was performed as described
above.

Immunofluorescence
The fixation and immunofluorescence staining proce-
dures were based on the approaches of Nonet et al. [54].
Mixed stage N2 cultures were harvested from NGM OP50
plates and washed thoroughly in M9 buffer to remove
intestinal bacteria. Worms were pelleted by centrifugation
(1000 RPM, 2 min.) between the washes. Worms were
fixed overnight in 4% paraformaldehyde in 100 mM
sodium/potassium phosphate buffer. Afterwards the
pellets were washed three times in 1 × PBS, and incubated
in 1% Triton X-100, 100 mM Tris (pH 7.0), 1% β-Mercap-
toethanol overnight at 37°C to reduce the cuticle. After 5
washes in 1 × PBS, the worms were incubated for 5 hours
in 900 U/ml collagenase type IV (Sigma) diluted in Krebs-
Ringer solution (119 mM NaCl, 25 mM NaHCO3, 11.1
mM glucose, 1.6 mM CaCl2·H2O, 4.7 mM KCl, 1.2 mM
KH2PO4, 1.2 mM MgSO4·7H2O, pH 7.4). The reduction/
digestion step was performed twice. Pellets were washed 3
times with 1 × PBS and stored for further processing in
AbA buffer (1 × PBS, 0.1% Triton X-100, 1% BSA, 0.05%
NaN3). AbA buffer was used for antibody dilution. Pri-
mary antibody (polyclonal rabbit anti-GFP IgG (Abcam))
was diluted 1:500. Secondary antibody (goat anti-rabbit
IgG Alexa Fluor 488 labeled (Molecular Probes)) was
diluted 1:1000. Both incubations were performed over-
night at room temperature, with AbB buffer (1 × PBS,
0.1% Triton X-100, 0.1% BSA, 0.05% NaN3) washes in
between.

Nuclei were counterstained with SYTOX orange (Molecu-
lar Probes) and the microscopic evaluation was per-
formed as described above.

Western Blotting
Mixed stage pJH3 and N2 cultures were harvested from
NGM OP50 plates. Worms were homogenized by
sonication and the concentration of protein was meas-
ured by the Hartree method [55]. The proteins (equivalent
of 25–50 µg of protein per lane) were separated by SDS-
PAGE gradient gel (4% to 20% polyacrylamide) and
transferred onto nitrocellulose membrane by semi-dry
blotting. The membrane was treated according to a com-
mon Western blotting protocol with chemiluminiscence
detection (SuperSignal, West Pico) [56]. Rabbit polyclo-
nal anti-GFP IgG (Abcam, dilution 1:5000) was used as
the primary antibody, the secondary antibody was goat
anti-rabbit IgG/Px (Pierce, diluted 1:20 000).
Page 11 of 13
(page number not for citation purposes)



BMC Cell Biology 2005, 6:5 http://www.biomedcentral.com/1471-2121/6/5
RNA mediated interference
The PCR product containing the entire gana-1 cDNA was
cloned into pCRII-TOPO vector (Invitrogen) and L4440
double promoter vector for microinjection and feeding
RNAi respectively. In-vitro transcription employing T7
and SP6 RNA polymerases (Promega) was used to gener-
ate antisense single stranded RNA molecules, which were
annealed to generate double stranded RNA (dsRNA).
dsRNA was microinjected into N2 worms which were fed
on HT115 [26]E. coli strain carrying L4440 plasmid with
gana-1 insert. The F1 and early F2 progeny was screened for
morphological phenotypes. N2 worms microinjected
with water and fed on HT115 E. coli transformed with
L4440 vector without insert were used as a control. 5–7
worms were microinjected both with dsRNA and water in
each of 4 separate experiments, single worm progeny
reaching 110–150 individuals.

Determination of α-GAL and α-NAGA and β-
hexosaminidase activities
Prior to all activity measurements worms were washed
from culture plates and repeatedly (6 times) washed and
centrifuged in M9 buffer and finally pelleted by centrifu-
gation. 4-methylumbelliferyl (MU)-α-D-N-acetylgalactos-
aminide (1 mM), 4-MU-α-D-galactopyranoside and 4-
MU-β-D-glucopyranoside in theMcIlvaine buffer (0.1 M
citrate/0.2 M phosphate buffer at acidic pH) were used as
enzyme substrates. Reaction mixtures (sample and
enzyme substrate) were incubated at 37°C and reactions
were stopped by 600 µl of 0.2 M glycine/ NaOH buffer
(pH 10.6) [13,57]. Fluorescence signal of the 4-methyl-
umbelliferone was measured on the luminiscence spec-
trofotometer LS 50B (Perkin Elmer) (emission 365 nm
and excitation 448 nm). Inhibitors (N-acetyl-D-galactos-
amine, D-galactose and D-glucose) were used in 0.1 M
final concentration. All measurements were performed in
doublets.
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Mutations in TMEM76* Cause Mucopolysaccharidosis IIIC
(Sanfilippo C Syndrome)
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Mucopolysaccharidosis IIIC (MPS IIIC, or Sanfilippo C syndrome) is a lysosomal storage disorder caused by the inherited
deficiency of the lysosomal membrane enzyme acetyl–coenzyme A:a-glucosaminide N-acetyltransferase (N-acetyltrans-
ferase), which leads to impaired degradation of heparan sulfate. We report the narrowing of the candidate region to a
2.6-cM interval between D8S1051 and D8S1831 and the identification of the transmembrane protein 76 gene (TMEM76),
which encodes a 73-kDa protein with predicted multiple transmembrane domains and glycosylation sites, as the gene
that causes MPS IIIC when it is mutated. Four nonsense mutations, 3 frameshift mutations due to deletions or a dupli-
cation, 6 splice-site mutations, and 14 missense mutations were identified among 30 probands with MPS IIIC. Functional
expression of human TMEM76 and the mouse ortholog demonstrates that it is the gene that encodes the lysosomal N-
acetyltransferase and suggests that this enzyme belongs to a new structural class of proteins that transport the activated
acetyl residues across the cell membrane.
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Heparan sulfate is a polysaccharide found in proteogly-
cans associated with the cell membrane in nearly all cells.
The lysosomal membrane enzyme, acetyl–coenzyme A
(CoA):a-glucosaminide N-acetyltransferase (N-acetyltrans-
ferase) is required to N-acetylate the terminal glucosamine
residues of heparan sulfate before hydrolysis by the a-N-
acetyl glucosaminidase. Since the acetyl-CoA substrate
would be rapidly degraded in the lysosome,1 N-acetyl-
transferase employs a unique mechanism, acting both
as an enzyme and a membrane channel, and catalyzes
the transmembrane acetylation of heparan sulfate.2 The
mechanism by which this is achieved has been the topic
of considerable investigation, but, for many years, the iso-
lation and cloning of N-acetyltransferase has been ham-
pered by its low tissue content, instability, and hydro-
phobic nature.3–5

Genetic deficiency of N-acetyltransferase causes muco-
polysaccharidosis IIIC (MPS IIIC [MIM 252930], or San-
filippo syndrome C), a rare autosomal recessive lysosomal
disorder of mucopolysaccharide catabolism.6–8 MPS IIIC is
clinically similar to other subtypes of Sanfilippo syn-

drome.9 Patients manifest symptoms during childhood
with progressive and severe neurological deterioration
causing hyperactivity, sleep disorders, and loss of speech
accompanied by behavioral abnormalities, neuropsychi-
atric problems, mental retardation, hearing loss, and rel-
atively minor visceral manifestations, such as mild he-
patomegaly, mild dwarfism with joint stiffness and
biconvex dorsolumbar vertebral bodies, mild coarse faces,
and hypertrichosis.7 Most patients die before adulthood,
but some survive to the 4th decade and show progressive
dementia and retinitis pigmentosa. Soon after the first 3
patients with MPS IIIC were described by Kresse et al.,6

Klein et al.8,10 reported a similar deficiency in 11 patients
who had received the diagnosis of Sanfilippo syndrome,
therefore suggesting that the disease is a relatively fre-
quent subtype. The birth prevalence of MPS IIIC in Aus-
tralia,11 Portugal,12 and the Netherlands13 has been esti-
mated to be 0.07, 0.12, and 0.21 per 100,000, respectively.

The putative chromosomal locus of the MPS IIIC gene
was first reported in 1992. By studying two siblings who
received the diagnosis of MPS IIIC and had an apparently
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balanced Robertsonian translocation, Zaremba et al.14 sug-
gested that the mutant gene may be located in the peri-
centric region of either chromosome 14 or chromosome
21, but no further confirmation of this finding was pro-
vided. Previously, we performed a genomewide scan on
27 patients with MPS IIIC and 17 unaffected family mem-
bers, using 392 highly informative microsatellite markers
with an average interspacing of 10 cM. For chromosome
8, the scan showed an apparent excess of homozygosity
in patients compared with their unaffected relatives.15 Ad-
ditional genotyping of 38 patients with MPS IIIC for 22
markers on chromosome 8 identified 15 consecutive
markers (from D8S1051 to D8S2332) in an 8.3-cM interval
for which the genotypes of affected siblings were identical
in state. A maximum multipoint LOD score of 10.6 was
found at marker D8S519, suggesting that this region in-
cludes the locus for MPS IIIC.15 Recently, localization of
the MPS IIIC causative gene on chromosome 8 was con-
firmed by microcell-mediated chromosome transfer in cul-
tured skin fibroblasts of patients with MPS IIIC.16

Here, we report the results of linkage analyses that nar-
rowed the candidate region for MPC IIIC to a 2.6-cM in-
terval between D8S1051 and D8S1831 and the identifi-
cation of the TMEM76 gene, located within the candidate
region, as the gene that codes for the lysosomal N-ace-
tyltransferase and, when mutated, is responsible for MPS
IIIC.

Material and Methods
Families

In Montreal, 33 affected individuals and 35 unaffected relatives
comprising 15 families informative for linkage were genotyped.
The families came from Europe, North Africa, and North America.
An additional 27 affected individuals and 9 unaffected relatives
in uninformative pedigrees, as well as 40 controls, were also ge-
notyped. Eleven of these families and the controls have been
reported elsewhere.15 In addition, 54 individuals from four MPS
IIIC–affected families from the Czech Republic were studied in
Prague (fig. 1). One family had two affected brothers, whereas
the remaining three families each had one affected individual.
The families came from various regions of the Czech Republic
and were not related within the four most-recent generations.
The diagnosis for affected individuals was confirmed by the mea-
surement of N-acetyltransferase activity in cultured skin fibro-
blasts or white blood cells.

Genotyping

The samples in Montreal were genotyped for 22 microsatellite
markers in the pericentromeric region of chromosome 8 spanning
8.9 cM on the Rutgers map, version 2.0.17 The genotyping was
performed as described by Mira et al.18 at the McGill University
and Genome Quebec Innovation Centre on an ABI 3730xl DNA
Analyzer platform (Applied Biosystems). Alleles were assigned us-
ing Genotyper, version 3.6 (Applied Biosystems). The random-
error model of SimWalk2, version 2.91,19,20 was used to detect
potential genotyping errors, with an overall error rate of 0.025.
Nine genotypes for which the posterior probability of being in-
correct was 10.5 were removed before subsequent analyses. In

addition, nine genotypes for one marker in one family were re-
moved because of a suspected microsatellite mutation. The sam-
ples from the Czech Republic were genotyped in Prague for 18
microsatellite markers in an 18.7-cM region that includes the 8.9-
cM region mentioned above. The genotyping was performed on
an LI-COR IR2 sequencer by use of Saga genotyping software (Li-
Cor) as described elsewhere.21 Genotypes were screened for errors
by use of the PedCheck program.22

Linkage Analysis

For the families genotyped in Montreal, multipoint linkage anal-
ysis was performed using the Markov chain–Monte Carlo
(MCMC) method implemented in SimWalk2, version 2.91,19 since
one pedigree was too large to be analyzed by exact computation.
A fully penetrant autosomal recessive parametric model was used
with a disease-allele frequency of 0.0045. Marker-allele frequen-
cies were estimated by counting alleles in the available parents
of patients with MPS IIIC and in control individuals. To check
the consistency of the results, the MCMC analysis was repeated
four times.

N-acetyltransferase activity was measured in all participants of
the four families from the Czech Republic.23 Individuals were clas-
sified as affected, carriers, or unaffected on the basis of the results
of this assay. Mean affected and carrier activities were determined
from the five affected individuals and their seven obligate het-
erozygote parents, respectively, whereas the mean control activity
was determined from a sample of 89 unrelated individuals. Four
individuals were unable to be classified because their values were
within 2 SDs of the means of both the control and carrier groups.
Multipoint linkage analysis was performed using a codominant
model with a penetrance of 0.99 and a phenocopy rate of 0.01,
to account for the possibility of misclassification or genotyping
errors. The same disease-allele frequency of 0.0045 was used.
Marker-allele frequencies were estimated by counting all geno-
typed individuals. Exact multipoint linkage analysis was run on
18 microsatellite markers by use of Allegro 1.2c,24 which was also
used to infer haplotypes.

Gene-Expression Analysis

For each of 32 genes located in the candidate interval, a single
5′-amino–modified 40-mer oligonucleotide probe (Illumina) was
spotted in quadruplicate on aminosilane-modified microscopic
slides and was immobilized using a combination of baking and
UV cross-linking. Total RNA (250–1,000 ng) from white blood
cells of two patients with MPS IIIC (patients AIV.8 and BIII.5) and
four healthy individuals were amplified using the SenseAmp plus
RNA Amplification Kit (Genisphere) and were reverse transcribed
using 300 ng of poly(A)-tailed mRNA. Reverse transcription and
microarray detection were done using the Array 900 Expression
Detection Kit (Genisphere) according to the manufacturer’s pro-
tocol. The two patient samples and four control samples were
analyzed in dye-swap mode, in two replicates of each mode. The
hybridized slides were scanned with a GenePix 4200A scanner
(Molecular Devices), with photomultiplier gains adjusted to ob-
tain the highest-intensity unsaturated images. Data analysis was
performed in the R statistical environment (The R Project for
Statistical Computing, version 2.2.1) by use of the Linear Models
for Microarray Data package (Limma, version 2.2.0).25 Raw data
were processed using loess normalization and a moving mini-
mum background correction on individual arrays and quantile
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Figure 1. Four families from the Czech Republic used in the linkage and mutation analyses. Fully blackened symbols indicate individuals
with MPS IIIC; arrowheads indicate probands. Measurements in seven obligate heterozygotes from these pedigrees (mean � SD 11.6
� 1.5 nmol/h/mg) and 89 controls not known to be related to members of the pedigree (mean � SD 24.4 � 5.7 nmol/h/mg) were
used to establish N-acetyltransferase activity ranges for heterozygotes (symbols with blackened inner circle) and normal homozygotes
(open symbols). An individual was assigned to a class if his or her enzyme activity was within 2 SDs of the class, unless the value was
within the overlap of the upper end of the obligate heterozygotes and the lower end of the controls. Individuals with values within
the open interval 13.0–14.6 nmol/h/mg were classified as unknown (symbols with gray inner circle). A symbol with a question mark
(?) indicates that no material was available for the enzyme assay. DNA was available for individuals with ID numbers, and N-acetyl-
transferase activity measurements in white blood cells are shown below the ID numbers.

normalization between arrays. The correlation between four du-
plicate spots per gene on each array was used to increase the
robustness. A linear model was fitted for each gene given a series
of arrays by use of the lmFit function. The empirical Bayes
method26 was used to rank the differential expression of genes
by use of the eBayes function. Correction for multiple testing was
performed using the Benjamini and Hochberg false-discovery–

rate method.27 We considered genes to be differentially expressed
if the adjusted P value was !.01.

DNA and RNA Isolation and Sequencing

Cultured skin fibroblasts from patients with MPS IIIC and normal
controls were obtained from cell depositories (Hôpital Debrousse,



Figure 2. Multipoint linkage analysis of MPS IIIC on chromosome 8. A, Multipoint LOD scores in an 8.9-cM interval from two sets of
families. Symbols above the marker names indicate the map position. Marker names are listed in the correct order but may be displaced
from the symbols for visibility. The dashed line is based on families genotyped in Montreal, and the dotted line on families genotyped
in Prague. Straight lines next to marker names indicate that the markers were typed in both data sets. Triangles pointing down indicate
markers typed only in the Montreal data set, and triangles pointing up indicate markers typed only in the Prague data set. For the
Montreal data, the SimWalk2 run with the highest likelihood is shown. TMEM76 lies between D8S1115 and D8S1460, and, according to
the March 2006 freeze of the human genome sequence from the University of California–Santa Cruz Genome Browser,30 the order is
D8S1115–(500 kb)–TMEM76–(800 kb)–centromere–(200 kb)–D8S1460. B, Multipoint LOD scores from the Montreal data from four runs
of SimWalk2, version 2.91,19 showing the variation between runs.
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Figure 3. Predicted amino acid sequence of the TMEM76 protein. Amino acid sequence alignment of Homo sapiens TMEM76 with
orthologs from Mus musculus (cloned sequence), Canis familiaris (GenBank accession number XP_539948.2), Bos taurus (XP_588978.2),
Rattus norvegicus (XP_341451.2), and Pan troglodytes (XP_519741.1) by use of BLAST. All cDNA sequences are predicted except the
sequence for M. musculus. The identical residues are boxed, the residues with missense mutations in patients with MPS IIIC are shown
in red, and the amino acid changes are indicated above the sequence. The first 67 aa of the human sequence shown as black on yellow
comprise the predicted signal peptide. The predicted transmembrane domains in the human sequence are shown as black on turquoise.
The topology model5–7 strongly predicts that the N-terminus is inside the lysosome and the C-terminus is outside. Four predicted N-
glycosylation sites are shown as black on pink, and the predicted motifs for the lysosomal targeting, as black on green.

France; NIGMS Human Genetic Mutant Cell Repository; Montreal
Children’s Hospital, Canada; and Department of Clinical Genet-
ics, Erasmus Medical Center, The Netherlands). Blood samples
from patients with MPS IIIC, their relatives, and controls were
collected with ethics approval from the appropriate institutional
review boards. DNA from blood or cultured skin fibroblasts was
extracted using the PureGene kit (Gentra Systems). Total RNA

from cultured skin fibroblasts and pooled tissues (spleen, liver,
kidney, heart, lung, and brain) of a C57BL/6J mouse was isolated
using Trizol (Invitrogen), and first-strand cDNA synthesis was pre-
pared with SuperScript II (Invitrogen). DNA fragments containing
TMEM76 exons and adjacent regions (∼40 bp from each side;
primer sequences are shown in appendix A) were amplified by
PCR from genomic DNA and were purified with Montage PCR96
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Figure 4. Volcano plot of genes located within the MPS IIIC candidate region, showing significantly reduced expression of the TMEM76
gene in white blood cells of two patients with MPS IIIC: AIV.8 and BIII.5. The natural logarithm of the probability that the gene is
differentially expressed (Log odds) is plotted as a function of the logarithm of the gene-expression log2 fold change (Log fold change)
between the patient and control samples.

Figure 5. Northern-blot analysis of TMEM76 mRNA in human tis-
sues. A 12-lane blot containing 1 mg of poly A� RNA per lane
from various adult human tissues was hybridized with a [32P]-
labeled 220-bp cDNA fragment corresponding to exons 8–10 of
the TMEM76 gene or b-actin, as described in the Material and
Methods section.

filter plates (Millipore). Each sequencing reaction contained 2 ml
of purified PCR product, 5.25 ml of H2O, 1.75 ml of 5# sequencing
buffer, 0.5 ml of 20 mM primer, and 0.5 ml of Big Dye Terminator
v3.1 (all from Applied Biosystems). In Montreal, PCR products
were analyzed using an ABI 3730xl DNA Analyzer (Applied Bio-
systems). In Prague, PCR products were analyzed on an ALFex-
press DNA sequencer (Pharmacia), as described elsewhere.28 In-
cluded in the sequencing analysis were 30 probands with MPS
IIIC who were considered unrelated and 105 controls. The con-
trols were unrelated CEPH individuals, and amplified DNAs were
combined in pools of two before sequencing.

Northern Blotting

A 12-lane multiple-tissue northern blot containing 1 mg of poly
A� RNA per lane from various human tissues (BD Biosciences
Clontech) was hybridized with the 220-bp cDNA fragment cor-
responding to exons 8–10 of the human TMEM76 gene or the
entire cDNA of human b-actin labeled with [32P]-dCTP by random
priming with the MegaPrime labeling kit (Amersham). Prehybri-
dization of the blot was performed at 68�C for 30 min in
ExpressHyb (Clontech). The denatured probes were added directly
to the prehybridization solution and were incubated at 68�C for
1 h. The blots were washed twice for 30 min at room temperature
with 2# sodium chloride–sodium citrate (SSC) solution and
0.05% SDS and once for 40 min at 50�C with 0.1# SSC and 0.1%
SDS and were exposed to a BioMax film for 48 h.

Mouse and Human TMEM76 cDNA Cloning

Mouse coding sequence was amplified by PCR (forward primer
5′-GAATTCATGACGGGCGGGTCGAGC-3′; reverse primer 5′-
ATATGTCGACGATTTTCCAAAACAGCTTC-3′) and was cloned
into pCMV-Script, pCMV-Tag4A (Stratagene), and pEGFP-N3 (BD
Biosciences Clontech) vectors by use of the EcoRI and SalI restric-
tion sites of the primers. The cloned sequence was identical to
GenBank accession number AK152926.1, except that an “AT” was
needed to complete an alternate ATG initiation codon. GenBank
accession number AK149883.1 provides what we consider to be
the complete clone and encodes a 656-aa protein. The GenBank
sequences differ by 1 aa and three silent substitutions.

A 1,907-bp fragment of the human TMEM76 cDNA (nt �75 to
�1992) was amplified using Platinum High Fidelity Taq DNA
polymerase (Invitrogen), a sense primer with an HindIII site (5′-
AAGCTTGGCGGCGGGCATGAG-3′), and an antisense primer
with an SalI site (5′-GTCGACCTCAGTGGGAGCCATCAGATTTT-
3′) and was cloned into pCMV-Script expression vector (Strata-
gene). Since high GC content (85%) of the 5′ region of human
TMEM76 cDNA prevented its amplification by PCR, a synthetic
186-bp codon-optimized double-stranded oligonucleotide frag-
ment (5′-AAGCTTATGACCGGAGCGAGGGCAAGCGCCGCCG-
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AACAAAGAAGAGCCGGACGGTCCGGCCAGGCTAGGGCCGC-
AGAGCGAGCTGCTGGCATGTCAGGTGCAGGGCGCGCACTTG-
CCGCCTTGCTGCTCGCCGCGAGTGTGCTGAGCGCTGCCCTC-
CTGGCTCCCGGAGGCTCTTCCGGGCGGGAC-3′) correspond-
ing to nt �1 to �186 of human TMEM76 cDNA was purchased
from BioS&T. A 177-bp 5′ fragment was combined with rest of
the cDNA by use of HindIII and SapI sites. The cloned sequence
is identical to GenBank accession number XM_372038.4 from nt
131 to nt 1946, except for the presence of SNP rs1126058.

Cell Culture and Transfection

Skin fibroblasts and COS-7 cells were cultured in Eagle’s minimal
essential medium (Invitrogen) supplemented with 10% (v/v) fetal
bovine serum (Invitrogen) and were transfected with the full-size
mouse Tmem76 (Hgsnat) coding sequence subcloned into pCMV-
Script, pCMV-Tag4A, and pEGFP-N3 vectors or with the full-size
human TMEM76 coding sequence subcloned into pCMV-Script
vector by use of Lipofectamine Plus (Invitrogen) according to the
manufacturer’s protocol. The cells were harvested 48 h after trans-
fection, and N-acetyltransferase activity was measured in the ho-
mogenates of TMEM76-transfected and mock-transfected cells
(i.e., transfected with only the cloning vector).

Enzyme Assay

N-acetyltransferase enzymatic activity was measured using the
fluorogenic substrate 4-methylumbelliferyl b-D-glucosaminide
(Moscerdam) as described elsewhere.23 Protein concentration was
measured according to the method of Bradford.29 This assay was
used for the activity measurements in cultured skin fibroblasts or
white blood cells from patients and all participating members of
the Czech families and for the functional expression experiments.

Confocal Microscopy

To establish colocalization of the tagged protein with the lyso-
somal compartment, the skin fibroblasts expressing mouse
TMEM76-EGFP were treated with 50 nM LysoTracker Red DND-
99 dye (Molecular Probes), were washed twice with ice-cold PBS,
and were fixed with 4% paraformaldehyde in PBS for 30 min.
Slides were studied on an LMS 510 Meta inverted confocal mi-
croscope (Zeiss).

Results
Linkage Analysis

Previously, we performed a genomewide linkage study
that indicated that the locus for MPS IIIC is mapped to
an 8.3-cM interval in the pericentromeric region of chro-
mosome 8.15 To reduce this interval, we genotyped the
families from that study as well as newly obtained MPS
IIIC–affected families for 22 microsatellite markers (Mon-
treal data). Linkage analysis under an autosomal recessive
model resulted in LOD scores 114 in the 4.2-cM region
spanning D8S1051 to D8S601, which included the cen-
tromere (fig. 2). The results of multiple MCMC runs
showed consistent trends. Linkage was also performed in
four families from the Czech Republic by use of an au-
tosomal codominant model (Prague data). For these data,
linkage analysis produced a maximum LOD score of 7.8
at 66.4 cM at D8S531 and reduced the linked region for

the Montreal data to a 2.6-cM interval between D8S1051
and D8S1831. This region was defined by inferred recom-
binants at D8S1051 in one family in each of the Montreal
and Prague data sets, and a recombinant at D8S1831 in
an additional family in the Prague data set. This interval
contains 32 known or predicted genes and ORFs.

Identification of a Candidate Gene

On the basis of our previous studies that defined the mo-
lecular properties of the lysosomal N-acetyltransferase,31

we searched the candidate region for a gene encoding
a protein with multiple transmembrane domains and
a molecular weight of ∼100 kDa, which allowed us to
exclude the majority of the genes in the region. In con-
trast, the predicted protein product of the TMEM76 gene
has multiple putative transmembrane domains. The pre-
dicted coding region in GenBank accession number
XM_372038.4 was extended by 28 residues at the 5′ end
on the basis of the transcript in GenBank accession num-
ber DR000652.1 (which includes 14 of the 28 residues),
examination of the genomic sequence in NT_007995.14,
and comparison with mouse sequence AK149883.1. We
predict that the modified TMEM76 contains 18 exons, cor-
responding to an ORF of 1,992 bp, and codes for a 73-kDa
protein. A comparison of human TMEM76 with five ver-
tebrate orthologs is shown in figure 3. Furthermore, of all
the genes present in the candidate interval, only TMEM76
showed a statistically significant reduction of the tran-
script level in the cells of two patients with MPS IIIC (AIV.8
and BIII.5; adjusted P values ! .001) in the custom oli-
gonucleotide-based microarray assay (fig. 4). Further, we
showed that both patients carried nonsense mutations
presumably causing mRNA decay (R534X and L349X; see
table 2).

Analysis of the TMEM76 Transcript by Northern Blot
and RT-PCR

Northern-blot analysis identified two major TMEM76 tran-
scripts of 4.5 and 2.1 kb ubiquitously expressed in various
human tissues (fig. 5). The highest expression was detected
in leukocytes, heart, lung, placenta, and liver, whereas the
gene was expressed at a much lower level in the thymus,
colon, and brain, which is consistent with the expression
patterns of lysosomal proteins. Consistent with the north-
ern-blot results, a full-length 4.5-kb cDNA containing
1,992 bp of coding sequence and two polyadenylation
signals as well as two shorter transcripts were amplified
by RT-PCR from the total RNA of normal human skin
fibroblasts, white blood cells, and skeletal muscle. In one
transcript, exons 9 and 10 were spliced out, leading to an
in-frame deletion of 64 aa, which contains the predicted
transmembrane domains III and IV. Most likely, this tran-
script does not encode an active enzyme, since it was also
detected in the RNA of two patients with MPS IIIC (pa-
tients CIII.1 and CIII.2) who had almost complete loss of
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Table 1. Mutations in TMEM76 Identified in Patients from 30 Families
with MPS IIIC

Mutation Group
and Mutationa

Predicted Effect
on Protein

No. of
Alleles

Location
in TMEM76

Nonsense mutations:
c.1031GrA p.W344X 2 Exon 10
c.1046TrG p.L349X 1 Exon 10
c.1234CrT p.R412X 8 Exon 12
c.1600CrT p.R534X 1 Exon 15

Missense mutations:
c.311GrT p.C104F 1 Exon 2
c.932CrT p.P311L 3 Exon 9
c.1114CrT p.R372C 3 Exon 11
c.1115GrA p.R372H 1 Exon 11
c.1354GrA p.G452S 2 Exon 13
c.1495GrA p.E499K 3 Exon 14
c.1529TrA p.M510K 1 Exon 14
c.1706CrT p.S569L 4 Exon 17
c.1769ArT p.D590V 1 Exon 17
c.1796CrT p.P599L 1 Exon 17

Frameshift mutations:
c.1118_1133del p.I373SfsX3 1 Exon 11
c.1420_1456dup p.V488GfsX22 1 Exon 13
c.1834delG p.V612SfsX16 1 Exon 18

Splice-site mutations:
c.202�1GrA p.L69EfsX32b 1 Intron 1
c.577�1GrA p.P193HfsX20b 1 Intron 4
c.935�5GrA p.F313X 1 Intron 9
c.1334�1GrA p.G446Xb 1 Intron 12
c.1810�1GrA p.S567NfsX14 2 Intron 17

Complex mutations:
c.[318�1GrA; 794CrA] p.[D68VfsX19; P265Q] 6 Intron 2; exon 7
c.[577�1GrA; 1650ArC] p.[P193HfsX20; K551Q] 2 Intron 4; exon 16
c.[1293GrT; 1927GrA] p.[W431C; A643T] 2 Exon 12; exon 18

a Mutation names were assigned according to the guidelines of the Human Genome Variation
Society and on the basis of the cDNA sequence from GenBank accession number NT_007995.14,
except that the first exon includes 84 nt 5′ of the stated ATG initiation codon. Thus, �1
corresponds to the A of the ATG at nt 13315945 (instead of nt 13316029).

b The mutations were named under the assumption that no exon skipping takes place; cDNA
sequencing was not done.

N-acetyltransferase activity. Another transcript lacked ex-
ons 3, 9, and 10.

The deduced amino acid sequence predicts 11 trans-
membrane domains and four potential N-glycosylation
sites (fig. 3), consistent with the molecular properties of
lysosomal N-acetyltransferase.31 The first 67 aa may com-
prise the signal peptide, with length and composition re-
sembling those of lysosomal proteins. According to the
predictions made by empirical computer algorithms,32–34

the C-terminus of the TMEM76 protein is exposed to the
cytoplasm and contains conserved Tyr-X-X-V and Leu-Leu
sequence motifs involved in the interaction with the adap-
tor proteins responsible for the lysosomal targeting of
membrane proteins.35

Mutation Analysis

We identified 27 TMEM76 mutations in the DNA of 30
MPS IIIC–affected families (table 1) that were not found
in DNA from 105 controls. Among the identified muta-
tions, there were 4 nonsense mutations, 14 missense mu-

tations, 3 predicted frameshift mutations due to deletions
or duplications, and 6 splice-site mutations. All the mis-
sense mutations occur at residues conserved among five
species with the most homologous TMEM76 sequences
(fig. 3), except for P265Q, which is not conserved in the
mouse, and W431C, which is not conserved in the rat.
There were three instances of two mutations on the same
allele that were found in patients who were homozygous,
and these are designated as complex mutations in table
1. cDNA sequencing of one of the patients homozygous
for the splice-site mutation in intron 2 and a missense
mutation (P265Q) demonstrated that the splice-site mu-
tation disrupts the consensus splice-site sequence between
exon 2 and intron 2 and causes exon 2 skipping and a
frameshift (not shown).

Consanguinity was reported in 4 of the 13 families in
which the patients were homozygous for TMEM76 mu-
tations: the two Moroccan families, the French family
with two missense mutations (W431C and A643T), and
the Turkish family with the splice-site mutation in intron
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Table 2. TMEM76 Predicted Mutations in Probands from 30 Families with MPS IIIC

Patient Group and Mutation 1 Mutation 2
No. of

Patients
Geographic Origin

of Patient(s)

Patients from Czech families:
p.I373SfsX3 p.R534X 1 Czech Republic
p.L349X p.M510K 1 Czech Republic
p.F313X p.R412X 1 Czech Republic
p.R372H p.P599L 1 Czech Republic

Patients homozygous for TMEM76 mutations:
p.[D68VfsX19; P265Q] p.[D68VfsX19; P265Q] 3 Morocco, Morocco, and Spain
p.[P193HfsX20; K551Q] p.[P193HfsX20; K551Q] 1 France
p.P311L p.P311L 1 United Kingdom
p.W344X p.W344X 1 France
p.R372C p.R372C 1 United Kingdom
p.R412X p.R412X 2 Turkey and Poland
p.[W431C; A643T] p.[W431C; A643T] 1 France
p.G452S p.G452S 1 Canada
p.E499K p.E499K 1 Canada
p.S567NfsX14 p.S567NfsX14 1 Turkey

Patients compound heterozygous for TMEM76 mutations:
p.C104F … 1 Belarus
p.E499K p.D590V 1 France
p.P193HfsX20 p.R412X 1 Canada
p.P311L p.R372C 1 France
p.R412X … 1 Poland
p.R412X p.G446X 1 Poland
p.S569L … 2 France and Portugal
p.S569L p.L69EfsX32 1 United States
p.V488GfsX22 p.S569L 1 Poland
p.V612SfsX16 … 1 Finland

Families with no mutations identified to date … 2 North Africa and Portugal

17. The two Moroccan families were not known to be
related to each other or to the Spanish patient homozy-
gous for the same mutations (table 2). The parents of the
French patient are second cousins in two ways (see family
F1 in the work of Ausseil et al.15).

The splice-site mutation in the above-mentioned Turk-
ish family disrupts the consensus splice-site sequence be-
tween exon 17 and intron 17 and causes exon 17 skipping
and a frameshift in all transcripts, as detected by sequenc-
ing of multiple RT-PCR clones (not shown). The two af-
fected siblings in this family (family F8 in the work of
Ausseil et al.15) had a severe form of MPS IIIC and showed
almost complete loss of N-acetyltransferase activity in cul-
tured skin fibroblasts. Among other severely affected pa-
tients with MPS IIIC, a patient of French origin was ho-
mozygous for a nonsense mutation (W344X) in exon 10,
which may result in the synthesis of a truncated protein
or RNA decay. A patient of Polish origin was a compound
heterozygote for a 37-bp duplication in exon 13 and a
missense mutation (S569L) in exon 17 (table 2). The du-
plication results in a frameshift, whereas the substitution
of a strictly conserved small polar Ser for a bulky hydro-
phobic Leu may have a significant structural impact (fig.
3).

The five patients from four Czech families are all com-
pound heterozygotes for eight different mutations (table
2). Five of the eight mutations are predicted to result in
truncated products (three nonsense mutations, one 16-bp

deletion, and one splice-site mutation leading to the in-
clusion of 89 bases from the 5′ end of intron 9 and the
splicing out of exon 10 in the transcript, and the remain-
ing three are missense mutations affecting residues con-
served among multiple species and located either in the
predicted transmembrane regions (fig. 3) or in their close
vicinity, suggesting that they may have a serious structural
impact. In the Czech families, the mutations completely
segregated with reduced enzyme activity. That is, all in-
dividuals assigned to be heterozygotes on the basis of the
enzyme assay as well as the four individuals who were
within 2 SD of the lower end of the controls (symbols
with gray inner circle in fig. 1) were found to carry
TMEM76 mutations.

Functional Expression Studies

The fibroblast cell line from a patient homozygous for a
splice-site mutation in intron 17 with negligible N-ace-
tyltransferase activity was transfected with plasmids con-
taining human TMEM76 cDNA or cDNA of the mouse
ortholog of TMEM76 carrying a FLAG tag on the C-ter-
minus or of a fusion protein of mouse TMEM76 with en-
hanced green fluorescent protein (EGFP). All constructs
increased the N-acetyltransferase activity in the mutant
fibroblast cells to approximately normal level (fig. 6A).
Significant increase in activity was also observed in trans-
fected COS-7 cells, confirming that the TMEM76 protein
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Figure 6. Functional expression of human and mouse TMEM76 protein. A, The full-size human and mouse TMEM76 coding sequences
subcloned into pCMV-Script, pCMV-Tag4A, and pEGFP-N3 vectors were expressed in COS-7 cells and in cultured skin fibroblasts from a
patient with MPS IIIC. The cells were harvested 48 h after transfection, and N-acetyltransferase activity was measured in the homogenates
of TMEM76-transfected and mock-transfected fibroblast or COS-7 cells by use of the artificial fluorometric substrate 4-methylumbelliferyl-
b-D-glucosaminide.23 Values represent means � SD of four independent experiments. B, The intracellular localization of TMEM76 was
studied by expressing the fusion protein of the mouse TMEM76 with EGFP. Before fixation, the cells were treated for 45 min with 50
nM lysosomal marker, LysoTracker Red DND-99 dye. Slides were analyzed on an LMS 510 Meta confocal microscope (Zeiss). Magnification
#1000. The image was randomly selected from 30 studied panels, all of which showed a similar localization of TMEM76-EGFP. The
fluorescence of EGFP was not quenched as it would have been if the fluorophore had been exposed to the acidic lysosomal microen-
vironment, confirming that the C-terminus of TMEM76 faces the cytoplasmic side of the lysosomal membrane.

by itself has N-acetyltransferase activity. Confocal fluores-
cent microscopy shows that TMEM76-EGFP (fig. 6B) or
TMEM-FLAG (not shown) peptides are targeted in human
fibroblasts to cytoplasmic organelles, colocalizing with the
lysosomal-endosomal marker LysoTracker Red.

Discussion

Degradation of heparan sulfate occurs within the lyso-
somes by the concerted action of a group of at least eight
enzymes: four sulfatases, three exo-glycosydases, and one
N-acetyltransferase, which work sequentially at the ter-
minus of heparan sulfate chains, producing free sulfate
and monosaccharides. The inherited deficiencies of four
enzymes involved in the degradation of heparan sulfate
cause four subtypes of MPS III: MPS IIIA (heparan N-sul-
fatase deficiency [MIM 252900]), MPS IIIB (a-N-acetylglu-
cosaminidase deficiency [MIM 252920]), MPS IIIC (acetyl-
CoA:a-glucosaminide acetyltransferase deficiency), and
MPS IIID (N-acetylglucosamine 6-sulfatase deficiency
[MIM 252940]). Since the clinical phenotypes of all these
disorders are similar, precise diagnosis relies on the deter-
mination of enzymatic activities in patients’ cultured skin
fibroblasts or leukocytes. The biochemical defect in MPS
IIIC was identified 30 years ago as a deficiency of an en-

zyme that transfers an acetyl group from cytoplasmically
derived acetyl-CoA to terminal a-glucosamine residues of
heparan sulfate within the lysosomes, resulting in the ac-
cumulation of heparan sulfate. Therefore, for identifica-
tion of the molecular basis of this disorder, we used two
complementary approaches. First, we performed a partial
purification of human and mouse lysosomal N-acetyl-
transferase, which suggested that the enzyme has prop-
erties of an oligomeric transmembrane glycoprotein, with
an ∼100-kDa polypeptide containing the enzyme active
site.31 Second, by linkage analysis, we narrowed the locus
for MPC IIIC to a 2.6 cM-interval (D8S1051–D8S1831)
and, third, compared the level of transcripts of the genes
present in the candidate region between normal control
cells and those from patients with MPS IIIC. Thus, an in-
tegrated bioinformatic search and gene-expression anal-
ysis both pinpointed a single gene, TMEM76, which en-
codes a 73-kDa protein with predicted multiple trans-
membrane domains and glycosylation sites. DNA muta-
tion analysis showed that patients with MPS IIIC harbor
TMEM76 mutations incompatible with the normal func-
tion of the predicted protein, whereas expression of hu-
man TMEM76 and the mouse ortholog proved that the
protein has N-acetyltransferase activity and lysosomal lo-
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calization, providing evidence that TMEM76 is the gene
that codes for the lysosomal N-acetyltransferase.

The TMEM76 protein does not show a structural simi-
larity to any known prokaryotic or eukaryotic N-acetyl-
transferases or to other lysosomal proteins, on the basis
of sequence homology searches. Thus, we think that it
belongs to a new structural class of proteins capable of
transporting the activated acetyl residues across the cell
membrane. Moreover, TMEM76 shares homology with a
conserved family of bacterial proteins COG4299 (unchar-
acterized protein conserved in bacteria) (Entrez Gene
GeneID 138050). All 146 members of this family are pre-
dicted proteins from diverse bacterial species, including
Proteobacteria, Cyanobacteria, and Deinococci. Since
many of these bacteria are capable of synthesizing heparan
sulfate and other structurally related glycosaminoglycans
and perform reactions of transmembrane acetylation, it is
tempting to speculate that this activity may also be per-
formed by the proteins of the COG4299 family. Previous
studies suggested two contradictory mechanisms of trans-
membrane acetylation. Bame and Rome2,36,37 proposed
that it is performed via a ping-pong mechanism. First, the
acetyl group of acetyl-CoA is transferred to an His residue
in the active site of the enzyme. This induces a confor-
mational change that results in the translocation of the
protein domain containing the acetylated residue to the
lysosome, where the acetyl residue is transferred to the
glucosamine residue of heparan sulfate. In contrast, Mei-
kle et al.38 were unable to demonstrate any specific acet-
ylation of the lysosomal membranes and proposed an al-
ternative mechanism that involved the formation of a
tertiary complex of the enzyme, acetyl-CoA, and heparan
sufate. Identification of N-acetyltransferase as a 73-kDa
protein with multiple transmembrane domains, together
with our previous data that showed that N-acetyltrans-
ferase is acetylated by [14C]acetyl-CoA in the absence of
glucosamine,31 strongly supports the ping-pong mecha-
nism of transmembrane acetylation.

For 23 of the 30 probands included in this study for
mutation analysis, TMEM76 mutations were identified in
both alleles. Five probands were heterozygous for a mis-
sense mutation, with a second mutation yet to be iden-
tified. In two probands from North Africa and Portugal,

we did not identify any mutations in the coding regions
or immediate flanking regions. These patients are ho-
mozygous for the microsatellite markers throughout the
entire MPS IIIC locus and may be homozygous for a yet-
to-be-identified TMEM76 mutation; however, we cannot
formally exclude defects in other genes. Additional studies
have been initiated to search for mutations in the introns
and promoter regions. The patients with MPS IIIC with
the identified frameshift and nonsense mutations all have
a clinically severe early-onset form. The almost complete
deficiency of N-acetyltransferase activity in cultured skin
fibroblasts from these patients is consistent with the pre-
dicted protein truncations and/or nonsense-mediated
mRNA decay. Further expression studies are necessary to
confirm the impact of the identified substitutions of the
conserved amino acids on enzyme activity. Nevertheless,
the identification of the lysosomal N-acetyltransferase
gene which, when mutated, accounts for the molecular
defect in patients with MPS IIIC sets the stage for DNA-
based diagnosis and genotype-phenotype correlation
studies and marks the end of the gene-discovery phase for
lysosomal genetic enzymopathies.
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Appendix A

Table A1. Exon-Flanking Primers Used for PCR
Amplification and Sequencing of the Exons in the
Human TMEM76 Gene

Primer
Sequence
(5′r3′)

TMEM76_Exon1_F CTCCCGAAGACAAACACTCC
TMEM76_Exon1_R GCGAAGTCGCAGCAACAGC
TMEM76_Exon2_F AAGCTTTTGAGAAGCACTACTGG
TMEM76_Exon2_R GAAGGGCTTTAGACATGAGAGC
TMEM76_Exon3_F GGAAAAGTCATGTCAGGATCTCC
TMEM76_Exon3_R GAATAATACATGTTCCTGGGTACG
TMEM76_Exon4_F TTATTCTGCCTCCATGATATTAGC
TMEM76_Exon4_R CTACAGAAAGCGTCATGGACTGC
TMEM76_Exon5_F GGAAATTCAGCATGAGAATATAGG
TMEM76_Exon5_R GCCACTTGAGGGTGACAGC
TMEM76_Exon6_F GAATATGAGCTTTAATTTTATTTCC
TMEM76_Exon6_R TTAGGAATACGGGAGCTACAACC
TMEM76_Exon7_F CAAAATGAAATTTACCCCTTAGC
TMEM76_Exon7_R ACATCCAAGAAATCCTTCCTAGC
TMEM76_Exon8_F CCTTCCTTTTCACATAGCAAACC
TMEM76_Exon8_R GCTCTGTGAAGGACGTATATAAGC
TMEM76_Exon9_F CCCCTGGGTTTACTTTCTATACC
TMEM76_Exon9_R CCAGCATCATCTGAAAAACAGG
TMEM76_Exon10_F GGGGCTATATTCTGAACTCTTCC
TMEM76_Exon10_R ACCTGAGATGGAGGAATTGC
TMEM76_Exon11_F CTGGGATGAGAGGAGAAGTCC
TMEM76_Exon11_R ACTTGAAGCCAGGAGTGAGG
TMEM76_Exon12_F CCTTCTATTTGCATTTAGTTCACC
TMEM76_Exon12_R GAGAATTCCTCTGACTCGAGACC
TMEM76_Exon13_F TTTTATTCTTGTCCCTCTGTTCG
TMEM76_Exon13_R CACTTCTGAAAGCCTGAGTTCC
TMEM76_Exon14_F TTGGTCTAGGAGCTGTTTGTACG
TMEM76_Exon14_R CCATAGCACAAGAGAGAATATGC
TMEM76_Exon15_F TCTTTGTCAGGTAGTTAAGACAGTGG
TMEM76_Exon15_R GTGAAGGAAAGGAATTTTAGC
TMEM76_Exon16_F ACAAGTTTCAGCCCTCTCTACG
TMEM76_Exon16_R GTGGAGGAGACGTTTCAGTGC
TMEM76_Exon17_F ATGCTGAAATTGGATTTGTTCC
TMEM76_Exon17_R ACCAAGGATGCTCCAGAGG
TMEM76_Exon18_F AGTAGCCAACAATGGAAGTGC
TMEM76_Exon18_R GAGCCGTGTCACAGTTAACC

NOTE.—For bidirectional sequencing on the ALFexpress
DNA sequencer, all primers have the universal overhang syn-
thesized on the 5′ end (AATACGACTCACTATAG for forward [F]
primers and CAGGAAACAGCTATGAC for reverse [R] primers).

Web Resources

Accession numbers and URLs for data presented herein are as
follows:

BLAST, http://www.ncbi.nlm.nih.gov/blast/ (used to identify or-
tholog protein sequences)

Entrez Gene, http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?dbp

gene (for GeneID 138050)
GenBank, http://www.ncbi.nih.gov/Genbank/ (for accession

numbers AK152926.1, AK149883.1, DR000652.1, XM_372038.4,
NT_007995.14, XP_539948.2, XP_588978.2, XP_341451.2, and
XP_519741.1)

Human Genome Variation Society, http://www.hgvs.org/
Online Mendelian Inheritance in Man (OMIM), http://www.ncbi

.nlm.nih.gov/Omim/ (for MPS IIIA, IIIB, IIIC, and IID)

The R Project for Statistical Computing, http://www.r-project.org/
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Abstract  
Background 
 

Human acid alpha-glucosidase (GAA, EC 3.2.1.20) which catalyses lysosomal 

glycogen degradation is a member of glycoside hydrolase family 31 (GH31). Hereditary 

deficiency of GAA results in lysosomal glycogen storage disease type II (GSDII). The aim of 

this study was to assess GH31 proteins in Caenorhabditis elegans (C. elegans), to identify the 

GAA ortholog with acidic pH optimum and to evaluate C. elegans as a model organism for 

GSDII utilizing RNA mediated interference (RNAi).  

Results 
 

Searches for GAA orthologs in the C. elegans genome revealed four acid alpha-

glucosidase related (aagr-1-4) genes. These predicted ORFs were amplified from mixed stage 

N2 cultures cDNA and sequenced including 5´ and 3´ untranslated regions.  

Multiple protein sequence alignment of GH31 members and AAGR-1-4 demonstrated 

their evolutionary conservation which was further used for homology modeling based on 

available GH31 protein structures. Phylogenetic analyses suggested clustering of AAGR-1 

and 2 with acid-active, and AAGR-3 and 4 with neutral pH optimum enzymes. 

Transcriptional GFP tagging was used to evaluate spatial and temporal expression 

patterns of AAGR-1 and AAGR-2. The expression of both genes was limited to intestinal 

cells and six coelomocytes.  

RNAi of each of the aagrs did not reveal any morphological phenotype. The RNAi 

effect was assessed by GAA activity measurements at two pH values (4.0 and 6.5) with and 

without addition of inhibitor acarbose (pH 4.0). We observed predominant neutral or acidic 

glucosidase activities corresponding to individual AAGRs as well as variable influence of 

acarbose on their enzymatic activity. AAGR-1 was found to possess acidic glucosidase 



activity with relatively pronounced acarbose resistance, a result further replicated in aagr-1 

deletion mutant. 

Conclusions 
 

We analysed C. elegans (AAGR-1-4) orthologs of human GAA by combination of 

bioinformatic, cellular and biochemical approaches and determined that even though AAGR-2 

has prevalent acid and AAGR-3 predominant neutral glucosidase activity. Nevertheless, 

AAGR-1 is the least acarbose sensitive acidic AAGR and thus represents the most probable 

ortholog of human GAA. Even though, separate RNAi assays did not provide sufficient 

enzymatic expression knock-down for efficient modeling of lysosomal glycogen storage, the 

study rendered additional insights into function of GH31 proteins.   

 

Background  
 

Human acid alpha-glucosidase (GAA) is a well-characterized lysosomal enzyme 

belonging to glycoside hydrolases family 31 (GH31, clan D). This family of proteins includes 

a number of confirmed or predicted hydrolases from different prokaryotic and eukaryotic 

organisms [1-3] and has remote but significant homologies with glycoside hydrolases from 

other clans [4]. GH31 enzymes represent a wide set of proteins with diverse substrate 

specificities and functions. The common property of enzymes belonging to GH31 family is 

their ability to cleave terminal carbohydrate moieties from di-, oligo- or polysaccharides of 

variable size. The hydrolysis of glycosidic bond by GH31 enzymes is exerted via acid/base-

catalyzed retention mechanism with glycoside-enzyme intermediate. Two aspartic residues, in 

the otherwise conserved GH31 active site [5], have been previously identified as the active 

nucleophile and acid/base catalyst [6-8]. The amino acid sequence (WiDMnE) surrounding 

the active site Asp nucleophile (underlined) constitutes an evolutionary signature of GH31 



family. Even though conserved, variances in this particular sequence stretch rendered 

bioinformatic and phylogenetic basis for further stratification of GH31 hydrolases into four 

additional subgroups [9]. Proteins orthologous to GAA  have been identified in many animal 

and plant species and also in bacteria [1, 10]. There are at least four other human GH31 

proteins besides GAA [1, 11]: dual catalytic sucrase-isomaltase (SUIS) and maltase-

glucoamylase (MGA) that evolved by duplication [11, 12]; and alpha-glucosidase AB 

(GANAB) and alpha-glucosidase C (GANC). These four enzymes differ in their pH activity 

optima – acid (GAA, SUIS, MGA) vs. neutral (GANAB, GANC) [10] . 

Protein crystallographic structural data are currently available for three GH31 proteins 

– bacterial YicI [9] from Escherichia coli, archeal MalA [13] from Sulfolobus solfataricus 

and  N-terminal subunit of human maltase-glucoamylase (NtMGA) [14]. Besides providing 

valuable insights into molecular structure, catalytic function and structural evolution of GH31 

proteins, these data (YicI and MalA) have already been used as structural templates for 

homology modeling of other GH31 proteins including catalytic domain of human  GAA [9, 

15, 16]. It is of importance to note that a subset of NtMGA crystallographic data was obtained 

in the presence of a potent artificial MGA inhibitor (acarbose) which is also routinely used in 

the diagnostic assays for GAA deficiency (see below) [17, 18].  

Glycogen storage disease type II (GSDII, Pompe disease), is a human autosomal 

recessive lysosomal storage disorder resulting from the enzymatic deficiency of GAA. Its 

deficiency causes lysosomal accumulation of glycogen with normal structure in a wide set of 

tissues. Phenotypic presentation, related mainly to the varying degree of skeletal and cardiac 

myopathy and hepatopathy, spans a range of clinical phenotypes from severe early-onset to 

slowly progressive adult-onset forms. Animal models currently available for the study of 

GSDII are either naturally occurring variants or were established by targeted disruption of 



GAA gene [10]. Caenorhabditis elegans (C. elegans) has not, so far, been considered as a 

model organism for GSDII.  

Evolutionary conservation of the nematode’s genomic sequence [19], relative ease of 

genetic manipulation and cultivation allowed its use as a relevant model for different human 

diseases including those resulting from malfunction of the late endosomal/lysosomal 

membrane proteins (for recent review see de Voer et al. (2008) [20]). In addition, there are 

numerous reports demonstrating the importance of the nematode’s glycogen intermediary 

carbohydrate metabolism [21, 22] - a fact that supports its suitability for GAA studies 

including GSDII modeling.  

Based on these prerequisites, our work focused on the predicted GAA orthologs (acid 

alpha-glucosidase related genes – aagr) in C. elegans genome and evaluated them by 

bioinformatic and phylogenetic means including homology modeling of their tertiary 

structures. DNA sequences of aagr genes were verified by sequencing on the cDNA level and 

were further studied for their expression patterns and biological roles during the nematode’s 

life cycle by means of green fluorescent protein (GFP) tagging and gene specific RNA 

mediated interference (RNAi). In addition, we managed to acquire deletion mutants of two 

aagr genes via C. elegans Gene Knockout Consortium [23] and compared their biochemical 

phenotype with findings observed after RNAi.  

Results and discussion  
BLAST searches, cDNA amplification and sequencing  

Repetitive BLAST [24] searches for orthologs of human GAA in the Wormpep 

database revealed five predicted coding sequences or sequences annotated as confirmed by 

partially overlapping EST clones - D2096.3 (aagr-1), R05F9.12 (aagr-2), F40F9.6 (aagr-3), 

F52D1.1 (aagr-4) and F53F4.8 (aagr-5). E-values against human GAA for each of the found 

sequences were as follows: 499 e –141 (AAGR-1), 493 e-139 (AAGR-2), 288 e-77 (AAGR-3) 



and 334 e-91 (AAGR-4). E-values and overall similarity of the amino acid sequences with the 

human GAA sequence supported their annotated status [25] as GH31 proteins. No predicted 

or confirmed double active site proteins comparable to human SUIS or MGA were found in 

the C. elegans genome, identical number and annotation of proteins present in C.elegans 

GH31 is available via CAZy database inteface [1].     

In order to evaluate the available in silico predictions, mRNAs (cDNAs) of aagr 1-4 

genes were amplified in overlapping PCR fragments including 5´trans spliced ends and 

3´untranslated regions including polyadenylation sites. Number of EST clones was noted in 

the critical genomic regions and was taken into account for PCR primer design. Gene 

organization (exon/intron boundaries) and the lengths of all four transcripts and deriving 

proteins were found identical to the available database predictions (see Figure 1).  

The sequence analyses surprisingly revealed SL1 trans splicing of all four aagr genes 

although aagr-1 lies in a close downstream vicinity of the transcriptional operon CEOP4284 

[26] (intergenic region ~ 650bp, see Figure 5). We therefore explored cDNA sequence and 

trans splicing of the gene D2096.12 located immediately upstream of aagr-1 and found that it 

is SL2 trans spliced and that its sequence completely agreed with the available prediction 

[25]. We searched the available protein databases for potential orthologs of D2096.12. The 

highest scoring ortholog was Caenorhabditis briggsae gene of unknown function CBG18464 

(E-value 6.79e-102), other significantly less scoring BLAST hits were also mostly gene 

products of unknown or only inferred function. The first gene in the CEOP4284 operon is 

UDP- glucuronic acid decarboxylase (sqv-1) [27] which is SL1 trans spliced.  CEOP4284 

operon and aagr-1 thus represent local clustering of a gene involved in glycosaminoglycan 

neogenesis (sqv-1) and a GH31 member protein (aagr-1) involved in carbohydrate 

catabolism.  



We were able to detect only a single splicing variant of aagr-3 corresponding to 

F40F9.6b [25], despite the additional annotated alternative splicing variant - F40F9.6a. 

It was further not possible to amplify any PCR product for the predicted gene F53F4.8 

(aagr-5) despite extensive amplification efforts and relatively high E-value (426 e-119). We 

therefore propose that F53F4.8 represents a pseudogene (in compliance with recent change of 

this Wormbase entry [25] ) and therefore we excluded it from our additional studies. 

We performed signal sequence predictions by SignalP [28, 29] server which   

suggested N-terminal signal sequences for all AAGRs with high probability (AAGR-1 – 

0.996, AAGR-2 – 1.0, AAGR-3 – 0.911, AAGR-4 – 0.999). Signal sequence cleavage sites 

and thus the overall lengths of signal sequences (see Figure 3) were predicted between 

residues 22-23 (AAGR-1), 18-19 (AAGR-2), 19-20 or 22-23 (AAGR-3) and 16-17 (AAGR-

4). Additional predictions of intracellular protein targeting by TargetP server [29, 30]  

proposed all four AAGRs as non-mitochondrial / non-secretory proteins.  

Multiple protein alignment and phylogenetic analyses  
Multiple alignment of amino acid sequences of selected eukaryotic proteins from 

GH31 family and AAGRs (see Methods) revealed significant conservation of primary protein 

sequence in all aligned entries within the extent of GH31 module [11]. The alignment 

delineated two groups of proteins: those with predominating acidic pH activity optimum 

(GAAs, MGAs and SUISs) and those with predominating neutral pH activity optimum 

(GANABs and GANCs) [10]. AAGR-1 and 2 clearly segregated with the first and AAGR-3 

and 4 with the second group of proteins, respectively. As expected, the most conserved 

sequence stretch was the immediate vicinity (WiDMnE) of the active site Asp (underlined) 

nucleophile [5]. Even though variable in the WiDMnE sequence all AAGRs can be sub 

categorized into the previously introduced subgroup 1 of GH31 proteins [13] (see Additional 



Figure 1) which comprises GH31 proteins with multitude of activities (xylosidases, alpha-

glucosidases, glucoamylases, and sucrase-isomaltases).  

This bioinformatic analysis further showed presence of unique insertions in the 

sequences of some of the AAGRs with either very low or no similarity to other aligned GH31 

proteins. These insertions in AAGR-1 and 2 were located in the regions corresponding to 

structural inserts 1 and 2 of the catalytic catalytic(β/α)8  barrel [9, 13, 14] (see below). The 

proximal (N-terminally located) insertions in AAGR-1 and 2 lacked any similarity to 

sequences previously suggested to contribute to substrate specificity between NtMGA and 

CtMGA [14]. In addition, AAGR-3 and 4 did not contain, similarly to all GANC and 

GANAB proteins, sequence of the structural insert 2 located C-terminally from the WiDMnE 

sequence (see Additional Figure 1, Figure 3 and Homology modeling for further results and 

discussion).                           

Unrooted phylogenetic trees based on the three initial multiple alignments (see 

Methods) employing three different computation algorithms (neighbor joining, maximum 

parsimony and maximum likelihood) with prior bootstrapping and final tree evaluation were 

constructed to assess the evolutionary relationships among the sequences [31, 32]. Topology 

of the individual trees employing full length sequences did not substantially differ with the 

mathematical algorithm used. Tree validation based on bootstrapping showed satisfactory 

values for all the constructed cladograms. Tree organization was always in general agreement 

with accepted evolutionary concepts and confirmed and further extended prior assumptions 

that related AAGR-1 and AAGR-2 to acid pH functioning proteins and AAGR-3 and AAGR-

4 to their neutral pH functioning counterparts (Figure 2 and Additional Figure 2). 

Cladograms employing separated GH31 modules (as in Naumov (2007) [11]) and 

sequences corresponding to catalytic domains of GH31 proteins demonstrated closer 

evolutionary relationship of AAGR-1 and 2 to CtMGA and CtSUIS in comparison to 



NtMGA, NtSUIS and GAA proteins (data not shown). These findings agree with previously 

reported close evolutionary relations of g1065946 (currently aagr-1) and g6425187 (currently 

pseudogene aagr-5) [12] - the only GH31 genes predicted in C. elegans genome at that time - 

to C-terminal subunits of dual catalytic GH31 proteins. AAGR-3 and 4 preserved their 

clustering to GANAB and GANC proteins in these alternatively prepared phylogenetic trees.     

Homology modeling 

At present, the structural data of three members of GH31 family are available - E. coli 

YicI [9] with predominating xylosidase activity, archeal S. solfataricus MalA [13] and human 

NtMGA in complex with acarbose inhibitor [14]. These proteins represent suitable template 

structures for AAGRs as they exhibit considerable primary structure identity and contain 

distinct structural GH31 motifs [9] (see Figure 3 and Additional Table 1). 

All four models of AAGR proteins were individually built by Modeller 9 using 

multiple sequence alignment with all three templates (Figure 3). Resulting models were 

compared with templates using DaliLite server [33]. NtMGA was the best scoring template 

for all AAGRs.  The final models shown in Figure 4 represent architectural folds sharing 

template (NtMGA) - target structural identity above 35% and also include loop insertions 

without sequence similarity (see below and Additional Table 3). The most conserved part of 

all AAGRs was the catalytic domain. When compared, the sequence identity of the catalytic 

domain between the NtMGA template and AAGR-1 and 2 was higher in comparison to 

AAGR-3 and 4 (Figure 3, Additional Table 1 and 3). AAGR-1 and 2 possess both previously 

described structural inserts (proximal-1/distal-2) in the catalytic (β/α)8 barrel domain present 

in NtMGA and MalA proteins. Moreover, each of these inserts in AAGR-1 and 2 contains 

unique additional insertions distant both from -1 and +1 sugar-binding subsites of the active 

site. On the contrary, AAGR-3 and 4 do not possess distal structural insert 2 (also absent in 

YicI) as well as the unique insertions present in AAGR-1 and 2. Furthermore, in comparison 



to AAGR-1 and 2, the entire N-terminal domain of AAGR-3 and 4 shares less identity with all 

templates (Figures 3 and 4, Additional Figure 1, Additional Table 1) due to their clustering 

with GANAB and GANC proteins (see above). General fold of the proximal C-terminal 

domain is preserved in all AAGRs despite lower identity values in comparison to catalytic 

domain. 

Superimposition of the models and templates displayed high conservation of the 

amino acids forming previously proposed GH31 active site demonstrating only few 

substitutions in AAGR-1-4. Nevertheless, it should be pointed out that due to the low identity 

of the N-terminal domain and the absence of distal structural insert in AAGR-3 and 4, the 

participation of residues from these protein regions in the formation of the active site is highly 

uncertain using the available templates (see Figure 4 and Additional Table 2). Therefore we 

focused on the GH31 active site residues present in all template and model molecules. The 

most apparent and also difference in residues closest to -1 and +1 substrate sugar units 

between templates and models was tyrosine (Y299) of NtMGA aligning to Y184 in MalA and 

Phe 277 in YicI, a residue previously suggested to cause low alpha-glucosidase activity of 

YicI. These residues structurally correspond to Y304 in AAGR-2 but are substituted by 

bulkier tryptophan (W316, W361 and W353) in AAGR-1, 3 and 4. Furthermore, only these 

active site residues represent nonrotamer conformation when acarbose is inserted into the 

active site. 

To obtain a better insight on the impact of this substitution on ligand binding, docking 

of acarviosine (terminal pseudo-disaccharide moiety of the pseudo-tetrasaccharide acarbose) 

into both AAGR-1 and 2 was performed using Autodock 4 [34].  Structural properties such as 

pocket shape of the active site (Figure 4C) and rigidity of the inhibitor (acarbose) represent 

good prerequisites for this type of analysis. Acarviosine was selected because it represents the 

interacting part of acarbose with the active site as previously evidenced in acarbose NtMGA 



crystallographic complex. All rotatable bonds in acarviosine and side chains of residues W316 

(AAGR-1) or Y304 (AAGR-2) were made flexible. Repeated runs of Autodock gave 

consistent results. Increasing the number of energy evaluations (see Methods) showed 

superior RMSD cluster convergence for AAGR-2 over AAGR-1 (data not shown). However, 

the lowest estimated binding energy for acarviosine complexes were close for both models, 

with values -9.57 kcal/mol corresponding to inhibition constant (Ki) 96 nM and -10.5 

kcal/mol (Ki = 26 nM) for AAGR-1 and 2, respectively. These values characterizing the 

docked states suggest predominant contribution of conserved intermolecular interactions and 

impact of additional atoms surrounding the active site on the resulting affinity potential of the 

models. Furthermore, necessity of torsion changes of side chain of the half buried bulky 

tryptophan during the binding of the inhibitor may affect enzyme characteristics and may 

have been reflected by inferior clustering convergence. 

Predicted best docked positions of acarviosine in the active site pockets of either 

AAGR-1 or AAGR-2 were similar (RMSD = 0.97 and 1.03 Ǻ) to the original crystallographic 

position of acarviosine in NtMGA inhibitor complex (Figure 4). Moreover, the same 

intermolecular interactions with the exception of bonding through solvating water molecules 

(not included in the models) were observed. These docking experiments provide additional 

support for RNAi experiments (see below) which evaluate acarbose sensitivity of AAGR-1 in 

comparison to AAGR-2. It is worth noting that the presence of aromatic residues at this 

position represents a conserved feature in GH31 enzymes, moreover proteins with previously 

reported acarbose sensitivity contain tyrosine residue, whereas those with less pronounced 

acarbose sensitivity (GAA and neutral glucosidases – not shown in the presented protein 

alignment Figures) possess tryptophan residue at this position in the active site [17].        

Additional subtle differences (see Figure 4C) in the amino acid composition of the -1 

and +1 sugar binding subsites were observed in all four AAGRs. Relatively distant 



substitutions (~6 Ǻ) in the binding cavity of AAGR-3 and 4 are tyrosines (Y398 and Y390) 

whereas NtMGA and AAGR-1 and 2 contain aspartates at this position. At the edge of the 

binding pocket is a glycine (G602) in NtMGA template, serine (S652) in AAGR-1 and 

threonine (T647) in AAGR-2, and AAGR-3 and 4 contain histidines (H638 and H630). 

Contribution of these more distant residues to direct enzyme substrate interactions can be 

expected to be much less in all modeled AAGRs.    

In this perspective, the use of  rationally designed [35] or other described GH31 

substrates/inhibitors (e.g. analogs of salacinol and kotalanol [36]) and methods like site 

directed mutagenesis would further elucidate the enzyme specificity and physiological 

functions of the nematode’s AAGRs. We demonstrated advantageous use of lately released 

protein structure of NtMGA over MalA or YicI structures for metazoan GH31 protein 

homology modeling. We therefore propose preferential use of NtMGA structural data while 

modeling human GAA (data not shown) in situations like prediction of structural impact of 

GSDII pathogenic variations or docking of substances suitable for enzyme enhancement 

therapy (performed previously using MalA and YicI templates [15, 16]. Even though not 

reported yet, it is plausible to speculate about potential misinterpretations (pseudo deficiency) 

of GAA activity assay with acarbose inhibition  in GSDII diagnostics caused by pathogenic 

substitutions in the presumed GAA active site residues (for their list [37] including tryptophan 

(W376) see Additional Table 2).  

Biochemical studies 

Standard bacteria/nematode separation protocol based on sucrose flotation was 

omitted [38] due to the known effects of sucrose on the lysosomal physiology [39]. We 

therefore resorted to repetitive washes of the nematode cultures as described in Methods.   

We found detectable GAA activities in normal C. elegans N2 strain homogenates 

when measured at two different pH values (4.0 and 6.5) and two different incubation 



temperatures (25°C and 37°C) with methylumbelliferyl (MU) substrates. The values 

measured at acidic pH by this protocol reflect cumulative enzymatic activities of several 

enzymes that can be expected in C. elegans. Based on human studies, it is especially MGA 

that interferes with direct GAA measurements.  

The overall values of alpha-glucosidase activity measured at 25°C were 53 and 67.5 

nmol mg-1h-1 for pH values 4.0 and 6.5, respectively. For activity values measured at 37°C see 

Tables 1-3.  

Addition of acarbose in the 3-9 μM range to the reaction mixture at acidic pH values 

completely inhibits MGA activity without affecting GAA activity. The effect of acarbose on 

the neutral glucosidases has also been previously shown as insignificant [17, 18]. Values 

measured with acarbose at acidic pH should thus directly reflect GAA activity. The 

robustness of this simple assay modification has already resulted in its introduction into the 

clinical diagnostics of GSDII including GAA activity measurements in dried blood spots [40]. 

Impact of addition of acarbose into glucosidase assays is demonstrated in Tables 1-3. 

Approximately 68-72% of alpha-glucosidase activity (pH 4.0) can be inhibited by addition of 

acarbose in the control samples. Values of glucosidase activity measured at pH 6.5 were 

virtually unaffected by addition of acarbose into enzymatic assay.  

We assessed alpha-glucosidase activities after selective RNAi experiments and in 

deletion mutant strains in order to further discriminate and stratify all four AAGR proteins. 

RNA mediated interference and the effects of acarbose on glucosidase 

activities 

We performed separate selective RNA interference experiments (see Methods) of all 

four aagr genes to evaluate the impact of RNAi on the nematodes´ phenotype and alpha-

glucosidase activity profiles both in the presence and absence of acarbose inhibitor. The 

selection of the sequence regions for cloning into the double RNA polymerase bearing vector 



was performed on the basis of cDNA multiple sequence alignment of all four aagrs. The 

overall identity in the alignment was 14.1% but the similarity was over 90% (due to 

nucleotide sequence alignment).  

We tried to implement low similarity/identity regions for RNAi assays to avoid or at 

least minimize cross-interference and thus possible off-target RNAi effects between otherwise 

homologous sequences [41]. The selected cDNA sequence stretches (for details see Methods) 

had following identity values in comparison to the rest of the multiple sequence alignment: 

aagr-1- 25.2%; aagr-2- 10.7%; aagr-3- 12.3%; aagr-4- 11.6%. It is worth noting, that the  

differences in enzymatic activity values measured in individual experiments are not surprising 

due to the previously reported variability in the RNAi efficiency [42].   

We were not able to observe any morphological or other observable phenotype after 

RNAi of any of the aagr genes despite extensive and very detailed examination of the animals. 

We even assayed D2096.12, upstream gene from aagr-1 formerly assigned to same operon 

(see above), but also with negative results. This fact was not surprising with respect to our 

previous findings [38] of minimal RNAi phenotype of other lysosomal hydrolase ortholog in 

C. elegans - gana-1. These findings most probably reflect high residual enzymatic activity 

(see later) after RNAi.  

We therefore resorted to biochemical evaluation of the impact of RNAi treatment due 

to the absence of morphological changes. Measurement of GAA activities at neutral and 

acidic pH (6.5 and 4.0) and parallel acarbose inhibition showed separation of the neutral and 

acid alpha-glucosidase activities to different AAGRs (see Tables 1 and 2). In general, we 

were able to demonstrate a general decrease of alpha-glucosidase activity after RNAi of aagr-

1-3. The decrease of alpha-glucosidase activities in aagr-4 RNAi experiments was not that 

prominent and with respect to analyses performed in the later described mutant strain RB1307 

harboring aagr-4 (ok1423) deletion, it can be hypothesized that AAGR-4 enzymatic potential 



is limited. The most pronounced selective changes in activity values were found for aagr-2 

and aagr-3 RNAi experiments, with the drop of acidic and neutral values to the levels of 20% 

of controls, respectively. RNAi of aagr-1 decreased GAA activity values more dramatically 

in the acidic ranges - average value 68% of controls; compared to neutral values - 86% of 

control values (both average values calculated from Table 2). These changes were less 

pronounced when compared to aagr-2 and aagr-3, despite the inclusion of active nucleophile 

surroundings and the highest identity values (25%) of the sequence used for aagr-1 RNAi.  

Influence of acarbose on alpha-glucosidase activity in the individual RNAi 

experiments was variable and suggested that AAGR-1 is the least acarbose sensitive acidic 

AAGR (for summary see Table 2). This result was futher supported by the analysis of mutant 

strain RB1790 carrying aagr-1 deletion (ok2317 - see below).  On the basis of these 

observations we assume that AAGR-1 is the most probable ortholog of acid alpha-glucosidase 

in C.elegans.  

Isolation and characterization of aagr-1 (ok2317) and aagr-4 (ok1423) deletion 

mutants  

Both deletion mutants, aagr-1 – ok2317 (RB 1790 strain) and aagr-4 – ok1423 (RB 

1307 strain), were generated by the C. elegans Gene Knock-out Consortium [23]. We 

obtained only these two mutants out of the four aagr genes at the time of the manuscript’s 

submission, generation of aagr-2 and aagr- 3 deletion mutants is a pending request. The 

extent of the deletions were analyzed according to the PCR primer data provided by the 

Consortium.   

 The sequence analysis of gDNA of  aagr-1 (ok2317) deletion mutant revealed 1162 bp 

long deletion resulting in the loss of 224 C-terminal base pairs of exon 9, introns/exons 9, 10, 

11  and 65 base pairs from intron 12 (Figure 1).  



Aagr-1 deletion corresponds to the loss of 218 amino acids of the AAGR-1 amino acid 

sequence. The deletion covers more than half of the predicted catalytic domain (205 missing 

amino acids), including α4-helix and final 4 βα repetitions in the (βα)8 - core barrel 

according to the multiple amino acid sequence alignment (Figure 3) and structural model of 

AAGR-1 (Figure 4).  

We did not observe any abnormal morphological phenotype despite thorough 

microscopic analysis of ok2317 worms. To evaluate the impact of the deletion on the 

enzymatic activity of this predicted acid-active glucosidase, we performed GAA activity 

measurements at pH values 4.0 and 6.5 and parallel acarbose inhibition in the homogenates of 

mutated and standard N2 Bristol strain. These measurements demonstrated considerable 

activity decrease at acidic pH in comparison to standard N2 Bristol strain and sensitivity of 

the residual acidic activity to the acarbose (Table 3). The results are comparable with the 

values acquired by RNAi assays of aagr-1 (see Tables 1 and 2). As noted above, these 

experiments further support AAGR-1 as the least acarbose sensitive acidic AAGR and thus as 

the most probable ortholog of human acid α-glucosidase. Unfortunately, aagr-1 deletion 

mutant does not clearly replicate GSD type II cellular phenotype in terms of lysosomal 

storage and autophagic buildup [43]. We explain this finding by the existence of the second 

enzyme with acidic α-glucosidase activity in C. elegans (AAGR-2), which may compensate 

the deficient acidic glucosidase activity of AAGR-1. Our results from RNAi of aagr-1 and 

aagr-2 and biochemical analysis of the aagr-1 deletion mutant strain demonstrate that 

contribution of aagr-2 to the overall acidic glucosidase activity is proportionally greater in 

comparison to aagr-1. We may speculate that the extent of the overall substrate turnover in C. 

elegans and duration of nematode’s life cycle is short to allow buildup of full blown sub-

cellular lysosomal storage phenotype. We also hypothesize that the double knockout of both 



C. elegans enzymes with acidic GAA activity (AAGR-1 and 2) can presumably provide a 

suitable model of GSD type II in C.elegans.   

The sequence analysis of the aagr-4 deletion mutant (ok1423)  revealed 1832 bp long 

deletion resulting in the loss of 421 C-terminal base pairs of exon 4, complete intron 4 and 

exon 5 and 45 base pairs from intron 5 on the level of the gDNA (Figure 1). This deletion 

comprises 281 amino acids from the conceptual translation of aagr-4 gene, including the first 

6 βα repetitions in the β8α8 - core barrel of the catalytic domain according to the multiple 

amino acid sequence alignment (Figure 3) and structural model of AAGR-4 (Figure 4). 

Similarly to aagr-1 deletion mutant, detailed microscopic analysis of the nematodes carrying 

ok1423 deletion did not reveal any abnormal morphological or other observable phenotype.  

In order to evaluate the impact of the deletion on the enzymatic activity of this 

predicted neutral activity glycoside hydrolase we performed GAA activity measurements at 

pH values 4.0 and 6.5. The measured GAA activity in the homogenates of back-crossed 

nematodes was compared to the results from the standard N2 Bristol strain. Surprisingly, we 

were not able to detect any significant activity decrease in aagr-4 deletion mutant when 

measured at both pH levels (Table 3).  

The complementing contribution of the second predicted neutral-active enzyme 

AAGR-3 to the global neutral GAA activity or minor enzymatic activity of AAGR-4 is highly 

probable, based on these results.  RNAi assays against aagr-3 in aagr-4 deletion mutant were 

performed to evaluate this hypothesis.  

The activity values measured at neutral pH reached the values acquired by the above 

described RNAi experiments for AAGR-3 alone. Activity values measured at acidic pH 

values did not differ from the controls (Table 3).  

This described combined approach allows us to conclude that the dominant 

contribution to the neutral GAA activity originates from AAGR-3 and that AAGR-4 provides 



only a minor portion of the total neutral GAA activity in C.elegans. Our assumptions are 

based on the expected profound impact of both deletions (ok2317 and ok1423) both on 

mRNA processing or protein function.  

Transcriptional GFP fusions of aagr-1 and aagr-2 genes 

We prepared several transcriptional GFP fusion constructs to evaluate the expression 

patterns of the two most probable orthologs (aagr-1 and aagr-2) of human GAA. In addition, 

we further evaluated differential expression patterns of the upstream genes of aagr-1 

(D2096.12 and sqv-1) organized into CEOP4284 operon. GFP tagging was used for its well-

characterized properties and relative ease of evaluation (see Methods) [44].  

Aagr-1 

The GFP expression pattern of the pJS8 construct (1340 bp upstream of aagr-1 ATG) 

was observed in membrane endowed vacuoles of 6 coelomocytes and also in the intestinal 

cells. There was no other GFP positive tissue found in a number of transgenic worms. The 

expression was observed only in L4 and adult nematode stages (Figure 5C). We were not able 

to detect GFP expression in any other developmental stage of the nematodes. It is worth 

noting that the differentiation of the specific GFP signal from the extensive intestinal 

autofluorescence in the elderly worms was based on the spectral fluorescence foot printing 

(for details see Methods). The use of spectrally resolving confocal microscope and subsequent 

linear unmixing of reference spectra provided unambiguous resolution of GFP emission and 

contaminating autofluorescence signal and thus effectively overcame methodological 

limitations of band-pass fluorescence emission signal filtering [45]. Based on these findings 

we can conclude that aagr-1 possesses its own promoter region despite relatively short 

intergenic sequence (see above and Figure 5).     



The regulatory sequence of CEOP4284 operon was divided into three fragments for 

the purposes of evaluation of the expression patterns on the length of the DNA regulatory 

sequence (for details about construct structure see Methods). Construct pJS1 and pJS4 

covered sqv-1/D2096.12 intergenic region and 3kb of regulatory sequence upstream of 

D2096.12 ATG, respectively. These two constructs showed two different expression patterns: 

pJS1 – anal sphincter; and pJS4 – intestinal cells and pharyngeal muscles (data not shown). 

The temporal expression patterns of pJS1 and 4 were identical to pJS6 (see below).   

Construct pJS6 including 5 kb of D2096 genomic region upstream of D2096.12 ATG 

revealed homogeneous GFP expression in intestinal cells, coelomocytes, pharyngeal and body 

wall muscle cells, pharyngeal and rectal glands, epidermal cells and rectal sphincter. We also 

noted expression in a population of head neurons. The expression was detectable during all 

developmental larval stages of the nematodes starting at the 50 cell embryonic stage. See 

Figure 6A/B for schematic representation of the cloning strategy and GFP expression patterns.   

Aagr-2 

The expression pattern of the pJS9 construct (3431 bp upstream of aagr-2 ATG 

initiation codon) was similar to that of aagr-1 (construct pJS8 – see above). GFP signal was 

observed in membrane endowed vacuoles of 6 coelomocytes and also in the pseudocoelomic 

cavity. The pseudocoelomic signal most probably resulted from the coelomocyte exocytosis 

of GFP. There was no other GFP positive tissue found in number of transgenic worms. 

Temporally the expression was observed in L4 and adult nematode stages (Figure 6D), earlier 

temporal expression was not observed, even after repetitive and extensive evaluation. 

Similarly to Aagr-1, Aagr-2 expression was not observed in body wall muscle cells.  



Aagr-3 

 Expression pattern of aagr-3 was evaluated as part of a high throughput project 

analyzing gene expression patterns in C.elegans [46]. The expression is broad and includes a 

number of tissues such as intestine, neurons, pharynx and others (for details see Wormbase 

[25])     

 

Conclusions  

There are at least four genes in C. elegans genome belonging to GH31 family that are 

homologous to human GAA. None of the four genes showed dual catalytic properties as 

observed in higher organisms, suggesting both low level of substrate specificity and the later 

evolutionary occurrence of the duplication/ fusion event. Simple bioinformatic tools (e.g 

BLASTP search) cannot discriminate between the substrate specificity and/or pH optima of 

these four gene products. We were able to delineate two genes coding proteins with 

preferential acid activity (aagr-1 and 2) and additional two with preferential neutral activity 

(aagr-3 and 4) based on the phylogenetic and homology modeling data. However, the analysis 

of the aagr-4 deletion mutant disclosed this gene product as a minor contributor to the overall 

glucosidase activity. 

RNA interference data showed selective drops of pH dependant glucosidase activity 

pointing to AAGR-2 and AAGR-3 as the dominant contributors of acidic and neutral 

glucosidase activity in C. elegans, respectively. Docking of acarbose into modeled structures 

and measurements of GAA activities with parallel acarbose inhibition suggest AAGR-1 as the 

least acarbose sensitive acidic AAGR and so as the most probable ortholog of human acid α-

glucosidase. This finding was furher supported by the analysis of aagr-1 deletion mutant. 

RNA interference approach did not efficiently generate structural storage changes in C. 



elegans. We base this finding on the high residual enzymatic activities after RNA interference 

treatment. Nevertheless, our study demonstrates several interesting aspects of glycoside 

hydrolase family 31 protein function that may be reflected in GSDII diagnostics and possibly 

in design of substances suitable for enzyme enhancement therapy of this disorder. 

We hypothesize that double deletion mutant of both AAGR-1 and 2 could be a 

promising model for GSD type II and may provide important information about advisability 

of C. elegans as a model organism for this human lysosomal storage disorder.  

 

Methods 
C. elegans methods and strains 
 

The wild type Bristol N2 strain was used for all experiments and was handled under 

standard laboratory conditions [47]. Standard methods were used for DNA  and dsRNA 

synthesis [48]. The nematode strains used in this work were provided by the Caenorhabditis 

Genetics Center [49], which is funded by the NIH National Center for Research Resources 

(NCRR). The names of the genes (AAGR) were consulted and approved by Dr. Jonathan 

Hodgkin (CGC Genetic Map and Nomenclature Curator) prior to the submission of the 

manuscript.    

 

BLAST search 
 

Wormbase (2002-2008 consecutive versions, and freeze versions WS100 – WS190) 

databases [25] were repeatedly searched for orthologs of human GAA using BLASTP 

program set at default values [24]. E-values given in the results correspond to WS188 and 

Wormpep databases. Amino acid sequence of human GAA (acc.no. NP_000143) [50] was 

used as a query sequence in all searches.  

 



cDNA amplification, sequencing and signal sequence predictions   
 

Total RNA was isolated from mixed stage N2 cultures [51] and reverse transcribed 

with oligodT-T7 (5´- AATACGACTCACTATAG(A19)) primer and  Superscript reverse 

transcriptase (Invitrogen). Intragenic D2096.12, D2096.3 (aagr-1), R05F9.12 (aagr-2), 

F40F9.6 (aagr-3) and F52D1.1 (aagr-4) coding sequences were PCR amplified in 1.2-1.5kb 

partially overlapping fragments with primers designed according to available Wormbase [25] 

and Worfdb [52] databases (individual primer sequences can be provided by the authors on 

request). SL1 and SL2 primers (5´-GGTTTAATTACCCAAGTTTGAG, 5´-

GGTTTTAACCCAGTTACTCAAG) with gene specific primers were used to amplify 5´ 

UTR of the cDNAs and to evaluate the trans splicing mode of the particular mRNA; 3´UTRs 

were amplified with T7 and gene specific primers to characterize the polyadenylation sites.  

The individual PCR products were cloned using TOPO TA cloning kit (Invitrogen) 

into the pCR 2.1 vector. Positive clones were sequenced using Li-Cor automated fluorescent 

sequencer; resultant sequences were aligned with reference cosmid sequences in the AlignIR 

software (Li-Cor) to evaluate splicing boundaries and overall gene organization. 

Signal sequences of AAGR-1-4 were predicted using SignalP server [28, 29] and 

intracellular protein targeting of all four AAGRs was predicted by TargetP [29, 30] server. 

Predictions (SignalP and TargetP) were done under predefined default values.    

Multiple alignment and phylogenetic analyses  
 

The following amino acid sequences  of selected eukaryotic GH31 proteins listed in 

the CAZy database [1] were downloaded from SwissProt/TrEMBL database [53] and were 

used for multiple alignment and consecutive phylogenetic analyses - Homo sapiens GAA 

(P10253), SUIS (P14410), MGA (O43451), GANAB (Q14697),  GANC (Q8TET4); Bos 

taurus GAA (Q9MYM4); Mus musculus GAA (P70699); Coturnix japonica GAA (O73626); 

Oryctolagus cuniculus SUIS (P07768); Suncus murinus SUIS (O62653); Rattus norvegicus 



SUIS (P23739);  Sus scrofa GANAB (P79403); Drosophila melanogaster GAA-like 

(Q7KMM4); and  confirmed conceptual translations of Caenorhabditis  elegans AAGR-1-4. 

The sequences were selected on the basis of the status of their annotation, number of 

predicted GH31 protein sequences [11] was omitted from these analyses.    

The bootstrap values used for tree validation were chosen as 1000 for distance matrix 

and maximum parsimony methods and 100 for maximum likelihood methods. 

  Initial multiple alignment for phylogenetic tree construction was performed using 

ClustalW algorithm [54] and Blosum62 matrix (gap penalty -10, gap extension penalty 0.1) 

and was visually checked and edited. Three different multiple alignments were evaluated for 

comparative reasons: one including the entire protein sequences, one with separated GH31 

modules [11] of dual activity proteins (SUIS, MGA) and one employing sequences of the 

GH31 catalytic domain based on YicI, MalA and NtMGA structural protein data [9, 13, 14]. 

PHYLIP version 3.57c software package was used for distance matrix and maximum 

parsimony algorithm based methods and version 3.6 for maximum likelihood algorithm 

methods [32]. Alignments were bootstrapped using SEQBOOT program prior to all analyses. 

Final consensus trees were constructed by CONSENSE program. 

Bootstrapped data were used for PROTDIST using Dayhoff PAM 001 matrix in case 

of distance matrix methods. Tree construction was performed in NEIGHBOR program 

separately employing Neighbor-Joining and UPGMA algorithms. 

PROTPARS and ProML were used for maximum parsimony and maximum likelihood 

tree construction with the second algorithm employing Jones, Taylor and Thorton probability 

model [31]. 



Homology modeling and molecular docking 

Multiple alignment (see Figure 3) including E. coli YicI [9], S. solfataricus MalA [13] 

and H. sapiens NtMGA [14] and all four C.elegans AAGRs and human GAA (data shown) 

was prepared using ClustalW algorithm [54] and Blosum62 matrix.  

Structural models of AAGR-1-4 were generated using Modeller 9 [55] program which 

implements comparative protein structure modeling by satisfaction of spatial restraints. All 

these three available crystallographic structures of GH31 proteins (H. sapiens NtMGA PDB 

entry:2QMJ, E. coli YicI 2XSJ and S. solfataricus MalA 2G3M) were used as input structural 

templates. Unstructured loop regions (sequence insertions not present in the template 

structures) were energy refined and the final loop arrangements were selected both on the 

basis of Discrete Optimized Protein Energy (DOPE) score and visual check. Quality of the 

models was assessed by PROCHECK [56] and MolProbity [57] programs, individual 

structural domains of the template and target structures were pairwise aligned and analysed 

using DaliLite server [33].  

Docking of acarviosine was conducted in Autogrid 4 (generation of atom-specific 

affinity, electrostatic and desolvation potential maps) and Autodock 4 [34] using Lamarckian 

genetic algorithm searching method and semiempirical free energy force field. Docking 

settings were set at default values, only the number of evaluations was increased to 5 000 000. 

Residues in the binding pocket and intermolecular interactions between the best scoring 

docked ligands and modeled proteins were compared and ascertained with the template 

crystallographic structures in Autodock.   

  

RNA mediated intereference  

Complete cDNA sequences of aagr-1-4 were aligned using ClustalW algorithm [54] 

(match scoring 10, mismatch scoring 0, gap opening penalty 15, gap extension penalty 6.66) 



in order to maximize the use of low similarity/identity regions between otherwise related 

sequences for RNAi protocols.   

The following regions of cDNA were amplified by PCR and cloned into the TOPO TA 

pCR II vector (adenine from ATG initiation codon being nucleotide +1): 1500-2226 bp (aagr-

1), 1-1161 bp (aagr-2), 1925-3054 bp (aagr-3) and 55-799 bp (aagr-4). Re-sequenced cDNA 

clones were further transferred into L4440 double promoter vector in the following manner. 

The aagr-1 clone was digested from the TOPO TA pCR II vector with EcoRI (dual digestion), 

aagr-2 and 3 with AvaI/HindIII and aagr-4 with AvaI (dual digestion). Gel purified fragments 

were than ligated into L4440 vector linearized by the particular restriction digestions. The 

constructs for RNAi feeding experiments were further used for transfections into HT115 E. 

coli strain and production of specific dsRNA was induced by IPTG (0,4 mM). 

N2 Bristol or back-crossed aagr-4 deletion mutant (ok1423) worms were fed on 

HT115 E. coli carrying L4440 interference construct and worms fed on HT115 E. coli 

carrying L4440 plasmid without insert were used as controls. We performed four separate 

experiments for each aagr each evaluating 1500-2000 worms. 

F1 progeny was screened for morphological phenotypes and biochemical evaluation by 

means of GAA activity measurements of the interfered worms was performed as described 

below. 

Isolation and characterization of aagr-1 (ok2317) and aagr-4 (ok1423) deletion mutants  

At our request, two deletion mutants – aagr-1 (ok2317) and aagr-4 (ok1423) were 

kindly generated by the C. elegans Gene Knock-out Consortium [23] as the only two from the 

four aagr genes at the time of the manuscript submission. Mutant nematodes were back-

crossed according to established protocol with the N2 worms [58]. Worms were PCR 

screened for the presence of homozygous deletions with the following pairs of primers 5´-

CCGGCAAGTAGATTGAGAGC and 5´-CAATATCACGCAGGTTGTGG (ok1423) and 5´-



GAT TTT TGC TCG TAG TCC CG and 5´-CGG TGC AAT CAT AAG AGC AG (ok2317) 

during the backcross. PCR products acquired with these primers were directly sequenced on 

the 3100-Avant Genetic Analyzer (Applied Biosystems) in order to evaluate the size and 

position of the deletions. The backcrossed worms were observed for morphological or 

otherwise observable phenotypes and the GAA enzyme activities were measured in these 

nematodes as described below.  

RNAi feeding experiment using aagr-3 construct was performed as described above 

using back-crossed aagr-4 (ok1423) deletion mutant, GAA enzyme activities were assessed as 

described below.   

Determination of α-glucosidase and β-hexosaminidase activities 
 

Prior to all activity measurements worms were washed from culture plates and 

repeatedly rinsed/centrifuged in M9 buffer. 4- methylumbelliferyl (MU) -β-D-

glucopyranoside (2,5 mM) in the McIlvaine buffer (0.1M citrate/0.2M phosphate buffer at pH 

4.7) and 4-MU-α−D-glucopyranoside (1,26 mM) in the same buffer (pH 4.0 or 6.5) were used 

as enzyme substrates for β-hexosaminidase and GAA activity measurements, respectively. 

Selective inhibitor - acarbose (Serva) [17] was added to the reaction mixture in selected 

measurements  to final concentration 8 μM (see Results and Discussion). Reaction mixtures 

(sample and enzyme substrate) were incubated at 37°C and reactions were terminated by 

addition of 600 μl of 0.2 M glycine/ NaOH buffer (pH 10.6). The activities were also 

determined at 25°C in normal N2 strain homogenates. Fluorescence signal of the released 4-

methylumbelliferone was measured on the luminiscence spectrofotometer LS 50B (Perkin-

Elmer) (excitation 365nm and emission 448nm). All measurements were performed in 

doublets. 

Transcriptional GFP fusions of aagr-1 and aagr-2 genes 
 



The 6 kb fragment spanning 459-6599 bp of cosmid D2096 [25] was PCR amplified 

using combination of KlenTaq (Ab Peptides) and DeepVent (New England Biolabs) DNA 

polymerases from the genomic DNA isolated from the mixed stage N2 nematode culture. 

Resultant PCR product was used as template for three second round PCR reactions with 

artificial 5´PstI restriction site introduced by sense primers aligning at 711-730 (used for 

construct pJS6), 2942-2962 (construct pJS4) and 5446-5463nt (construct pJS1) of the D2096 

cosmid sequence and universal antisense primer aligning at 6220-6241 nt of the D2096 

cosmid with BamHI artificial restriction site. Acquired PCR products 796bp (pJS1), 3300bp 

(pJS4) and 5531 bp (pJS6) were cloned into pCR-XL-TOPO vector using TOPO XL PCR 

cloning kit (Invitrogen). Inserted PCR fragments were cleaved by sequential PstI and BamHI 

digestions and ligated into PstI-BamHI linearised pPD95.75 vector (supplied by A. Fire, 

Stanford School of Medicine, Stanford University, United States) in-frame with open reading 

frame of GFP. pJS1 includes regulatory sequence between the sqv-1 and D2096.12 genes of 

CEOP4284 operon. pJS4 and pJS6 include 2969 and 5200 bp upstream of D2096.12 ATG, 

respectively. 

Regulatory sequence of aagr-1 (D2096.3) in the CEOP4284 operon was cloned into 

pPD95.75 GFP vector in the following fashion. 3720bp fragment spanning 6242-9961nt of 

D2096 was PCR amplified with primer containing C-terminal SmaI restriction site. This PCR 

product (3720bp) was cloned into pCR-XL-TOPO vector. The resultant construct was further 

digested by SmaI and HindIII to obtain 2106bp long fragment containing approximately 

1340bp of aagr-1 ATG upstream regulatory sequence and complete aagr-1 intron 1. This 

fragment was ligated into SmaI/HindIII linearized pPD95.75 vector, the resultant construct 

was named pJS8.    

The 3862 bp DNA fragment (aagr-2) spanning overlapping R05F9 and ZK546 

cosmids was PCR amplified as described above and used as a template for second round PCR 



with 40533-40553 nt (R05F9 cosmid) and 11999-12019nt (ZK546 cosmid) primers with 

artificial 5´ BamHI restriction sites. Insertion of the resultant PCR product (3684 bp) into the 

pCR-XL-TOPO vector was followed by BamHI digestion and in-frame re-cloning to BamHI 

linearised pPD95.75 vector containing open reading frame of GFP. This resultant construct – 

designated pJS9 – included 3431 bp of aagr-2 upstream regulatory sequence.   

All extra chromosomal expression arrays were generated by co-injecting plasmid 

DNA (individual constructs) along with the marker plasmid pRF4 (su1006) at the final total 

concentration of 100ng/μl in to the germinal syncytium of young adult hermaphrodite worms 

[44]. The transgenic progeny was screened for GFP signal under Olympus SZX12 

epifluorescent stereo microscope equipped with appropriate selective filter blocks. Final 

images were acquired on Nikon TE2000E C1si confocal microscope[59]. Excitation of GFP 

was done by 488 nm laser line. The spectral cross-talk of specific GFP signal and 

autofluorescence emission of granules in intestinal cells was eliminated by single value 

decomposition / linear unmixing algorithm embedded in the microscope’s firmware (Nikon). 

Reference spectra for unmixing were acquired from the samples with only a single spectrum 

emission (GFP or autofluorescence, see Figure 5).      
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Figure legends 
Figure 1 – aagr-1-4 gene structure 

Schematic representations of (A) aagr-1, (B) aagr-2, (C) aagr-3  and (D) aagr-4 gene 

structure. The size of each of the genes is given in base pairs on the level of genomic DNA as 

well as mRNA/cDNA (in the brackets). The values include ATG initiation codon and the 

lengths of 3´ untranslated regions (values on the right side). The green rectangles below (A) 

aagr-1 and (D) aagr-4 schematically correspond to the extent of ok2317 and ok1423 deletions 



in the genomic DNA. For additional details about organization and genomic context of aagr-

1-4 see Wormbase [25]  

Figure 2 – Cladogram of AAGRs and selected eukarytic GH31 proteins  

Cladogram of AAGR-1-4 and other selected GH31 proteins computed by maximum 

likelihood algorithm (see Methods). The values at the branch nodes represent bootstrap values 

(maximum 100). GH31 modules [11] of dual catalytic proteins (SUIS and MGA) were not 

separated for the purpose of tree construction. The topology of the cladogram demonstrates 

the separation of the proteins into two groups (predominantly acidic vs. neutral enzymes) and 

separation of AAGR-1+2 and AAGR-3+4 with these groups. 

Note the bootstrap values at the AAGR-1/2 branch (52) and D. melanogaster GAA-

like (54) and compare the position of these proteins in cladograms computed by UPGMA and 

maximum parsimony algorithms (Additional Figure 2).    

Figure 3 – Multiple sequence alignment of C. elegans AAGRs and E. coli YicI, S. 

solfataricus MalA and H. sapiens NtMGA 

Multiple alignment of E. coli YicI [9], S. solfataricus MalA [13], H. sapiens NtMGA 

[14] and four C. elegans  AAGR proteins which was used for homology modeling of their 

tertiary structures. The extent of structural elements (βα)8 present in the catalytic domain of 

NtMGA (structural inserts included) is shown above the alignment. Side chains of amino acid 

residues in the boxes correspond to those previously suggested to form -1 and +1 sugar 

binding sites (YicI, MalA and NtMGA), in AAGR proteins boxed residues correspond to 

those whose side chains lie with the diameter of ~ 5 Å of the docked acarvosine (for 

comparative  summary see Additional Table 2). Sequences in brown (AAGR-1 and 2) 

correspond to insertions within the structural inserts (compare with Additional Figure 1 and 

Figure 4). Note the absence of structural insert 2 in YicI and AAGR3 and 4.   



Residues in violet correspond to predicted signal sequences. Underlined sequences in 

AAGR-1 and 4 mark the extent of deletions in ok2317 and ok1423, respectively (compare 

with small insets in Figure 4). 

Primary amino acid sequences of YicI, MalA and NtMGA were taken from the 

particular structural .pdb files (see Methods). AAGR sequences are putative translations of the 

experimental cDNA sequencing data.  

Identical residues are in yellow, conserved residues are in red and blocks of similar 

amino acid residues are in green color.             

Figure 4 – AAGR-1-4 protein models 

 (A) Overview of the best scoring template - NtMGA [14] and structural models of 

AAGR1-4 in ribbon representation with secondary structure elements. Structural inserts in 1 

and 2 are shown in blue and insertions in AAGR-1 and 2 are in purple red. Acarbose (yellow) 

was inserted by superimposition from NtMGA structure. Note that only the parts most 

conserved with template molecules are shown for all four AAGRs (see Additional Table 1). 

The extent of deletions ok2317 and ok1423 in AAGR-1 and AAGR-4 models, respectively, 

are shown in green on the small inset images.  

(B) Binding active site pocket of NtMGA, AAGR-1 and AAGR-2 represented as 

solvent accessible surface. Contributions of both structural inserts are colored in blue, the 

substitution Tyr/Trp (discussed in the text) is in green and docked acarvosine is in yellow. 

(C) Differences in active site of NtMGA and AAGR models. Models were superposed 

with the NtMGA template. Side chains of active site amino acids conserved in all models and 

NtMGA are shown in light orange for template only (for comparison see Additional Table 2). 

Non-equivalent residues are coloured according to the annotation in the picture. Molecular 

surface corresponds to NtMGA residues. An arrow in the top view image indicates a viewing 

direction for the side view image.  



N-terminal domain of AAGR-3 and 4 is not shown in this Figure and the distal structural 

insert 2 in the catalytic domain of these two proteins is reduced to a short loop (is not present, 

see Figure 3 and Additional Tables 1 and 3). 

Images were prepared  in PyMol [60]. 

Figure 5 – Transcriptional GFP constructs of aagr-1 and aagr-2 with the corresponding 

GFP expression 

(A) Schematic representation of the extent of the regulatory sequences of aagr-1 and 

aagr-2 used for creating transcriptional GFP constructs pJS1 (796 bp), pJS4 (3300 bp), pJS6 

(5531 bp), pJS8 (2106 bp) and pJS9 (3684 bp).  

(B) Broad GFP expression in the transgenic worm carrying the pJS6 construct in 

intestinal cells, coelomocytes, pharyngeal muscle cells and head epidermal cells.  

(C) GFP expression limited to coelomocytes (arrowheads) in the transgenic worm 

carrying the pJS8 construct. The expression can also be observed in intestinal cells. Non-

specific intestinal autofluorescence and GFP signal were discriminated by linear unmixing.  

(D) GFP expression in the transgenic worm carrying the pJS9 construct limited to 

coelomocytes (arrowheads). 

Scale bars in all images represent 40 μm. 

 

Tables legends 
Table 1 – Residual alpha-glucosidase activities in selected individual RNAi 

experiments against aagrs - influence of acarbose inhibitor (8 μM)  

Table shows variable impact of acarbose inhibition on residual alpha-glucosidase 

activities measured at two different pH values (4.0 and 6.5) after selected separate aagr-1-4 

RNAi treatment of N2 worms in comparison to the controls (shown as % of controls). Note 

the differences in residual activity measured both in the presence and absence of acarbose in 



RNAi experiments against aagr-1 and 2. The high residual activity in RNAi against aagr-1 in 

the absence of acarbose (58%) reflects the contribution of aagr-2. The effect of acarbose on 

neutral activities (AAGR-3, 4) was much less pronounced. Compare to Table 2. 

All measurements were done at 37°C. 

Table 2 – residual alpha-glucosidase activities after separate aagr-1-4 RNAi treatments 

– influence of acarbose inhibitor (8 μM) 

Table shows residual alpha-glucosidase activities measured at pH 4,0 after eight 

separate RNAi experiments with or without 8 μM acarbose in the reaction mixture. The last 

column demonstrates the influence of acarbose – the proportion of residual alpha-glucosidase  

activity inhibitable by acarbose after RNAi. The most prominent drop of residual alpha- 

glucosidase activity due to addition of acarbose was observed after RNAi of aagr-1 due to 

inhibition of aagr-2 (values marked by ◄). Compare to predominant contribution of aagr-2 

to the overall acidic activity and also its acarbose sensitivity demonstrated by values in the 

last column. 

All measurements were done at 37°C. 

Table 3 – residual alpha-glucosidase activities in aagr-1 (ok2317) and aagr-4 (ok1423) 

deletion mutants - influence of acarbose inhibitor (8 μM) 

Table shows residual alpha-glucosidase activities measured in the deletion mutants of 

aagr-1 and aagr-4 compared to the control N2 strain. The last column demonstrates the 

influence of acarbose on the acid alpha-glucosidase activity of aagr-1 mutants. The last two 

rows of the table show values of residual alpha-glucosidase activity measured after RNAi 

assay against aagr-3 in ok1423 strain (aagr-4 deletion) which are comparable to aagr-3 RNAi 

assays in N2 worms. Compare to Tables 1 and 2. 

All measurements were done at 37°C. 



Additional files legends 
Additional Figure 1 - Multiple protein sequence aligment of AAGRs with other 

glycoside hydrolase family 31 members 

Part of the global multiple alignment of selected GH31 proteins with AAGR 1-4 

covering the extent of  structural insert 1, α3 helix, β4 sheet and structural insert 2 as 

described in the crystal structure of human NtMGA [14] (above the alignment). N-terminal 

and C-terminal GH31 modules [11] of MGA and SUIS proteins were included as separate 

alignment entries. Numbering of amino acid residues corresponds to the reference sequences 

listed in the Methods.  

The alignment demonstrates two segregating groups of sequences corresponding well 

with previously reported enzymatic pH optima [10]. This pattern is preserved in the GH31 

signature sequence (Wi/nDMnEp/v) surrounding the active Asp nucleophile of AAGR-1/ 2 

and AAGR-3/4, respectively. The alignment further shows the differences in the presence and 

primary amino acid sequence of structural inserts 1 and 2 a feature that further differentiates 

AAGR-1,2 from AAGR-3,4. Sequence stretches previously suggested to contribute to 

substrate specificities between NtMGA and CtMGA (light blue) [14] are not present in any of 

the AAGR proteins. Sequence corresponding to structural insert 2 is not present in AAGR-3 

and 4 as well as in any of GANC and GANAB proteins.   

Compare the positions of the gaps introduced into this alignment and into the 

alignment shown in Figure 3; a feature that reflects different entry sequences. Color coding of 

conservation of individual residues corresponds to Figure 3. 

Additional Figure 2 - Cladograms of AAGRs and selected eukarytic GH31 proteins 

(UPGMA and maximum parsimony algorithms) 

(A) Unweighted Pair Group Method with Arithmetic Mean (UPGMA), (B) Maximum 

Parsimony. GH31 modules [11] of dual catalytic proteins (SUIS and MGA) were not 



separated for the purpose of tree construction. The values at the branch nodes represent 

bootstrap values (maximum 100). 

The topology of the cladograms is virtually identical between these two computational 

algorithms. The positions of AAGRs are slightly different to the maximum likelihood 

cladogram (Figure 3), nevertheless the separation into two groups is preserved.     

Additional Table 1 – Comparison of the extent and presence of structural elements in 

GH31 protein structures and AAGR proteins 

 Table compares the extent and overall length of individual structural elements in the 

templates [9, 13, 14] and target molecules. Numbering, which corresponds to the multiple 

protein alignment presented in Figure 3, was additionally checked by overall inspection of 

structural conservation of the templates and target structures and was further used for pairwise 

DaliLite structural alignments (Additional Table 3).  

 Color coding of individual domains and structural features corresponds to Figure 4A. 

AAGR-1-4 model structures were N- and C-terminally cropped because of low 

template/target similarity at positions given by numbers in brackets. Italicized numbers 

provide the comparison of overall lengths of structural inserts in the catalytic domain and 

catalytic domain itself. Values for the “distal insert (2)” in YicI and AAGR-3 and 4 represent 

absence of the insert (see elsewhere). 

aa – amino acid             

Additional Table 2 – Summary of residues predicted to form -1 and +1 sugar binding 

subsites of AAGR proteins – comparison with template structures (YicI, MalA and 

NtMGA) 

 Summary of residues previously reported or expected to participate in the 

formation of the GH31 active site. Numbering corresponds to multiple protein alignment 

shown in Figure 3. Residues in blue originate from structural inserts, Tyr/Trp substitution 



discussed in detail in the text is in green (coloring corresponds to Figure 4B). Grey residues 

represent subtle distant substitutions also discussed in the text.  

Descriptive legend to individual residues as previously described [9, 13, 14] : 1 

active site nucleophile; 2 acid/base catalysts; 3 residues lining the active site pocket; 4 residues 

explicitly mentioned as forming -1 sugar binding subsite; 5 residues forming +1 subsite; 6 

active site residues making contacts through water molecules; 7 F277 suggested to cause low 

α-glucosidase activity of YicI; 8   predicted active site residues of human GAA (homology 

modeling – MalA template), identical residues were predicted to interact with 1-

deoxynojirinomycin [15, 16].    

Human GAA as well as pathogenic GSD II variations reported at these particular 

positions [37] were included for comparative reasons. Unfortunately, the severity scoring (sev 

– severe, int - intermediary, unk - unknown) of GAA pathogenic variations is based on GAA 

intracellular processing and not on the activity assessment or sensitivity to acarbose (for 

comments see text).  

Additional Table 3 – Statistics of structural alignment of template and target molecules 

 Statistics of pairwise comparative structural alignments between individual domains 

and structural inserts in template and target molecules. Detailed comparison was performed 

only for NtMGA template. Distal C-terminal domain (NtMGA template) as well as non-

catalytic domains for bacterial (YicI, MalA) templates were omitted due to low sequence 

similarity. The last column compares values of initial structural models of AAGR-1-4 

catalytic domain with YicI [9] used as the only structural template prior the release of  MalA 

[13] and NtMGA [14] structures. 

 The alignments were performed using DaliLite server [33], protein structures of 

template and model molecules were fragmented prior the analysis according to the values 

given in Additional Table 1.   
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                           1                                                                                                                                                     150 
E. coli YicI              (1) ------------------------------------------------------------------------------------------MKISDGNWLIQPGLNLIHPLQVFEVEQQDN--------EMVVYAAPRDVRERTWQLDTPL 
S. solfataricus MalA      ( ) ------------------------------------------------------------------------------------------------------------------------------------------------------ 
H. sapiens NtMGA          (1) --------------------------------------------------------------------------------SAECPVVNELERINCIPDQPPTK---ATCDQRGCCWNPQGAVS---VPWCYYSKNHSYHVEGNLVNTNAG 
C. elegans AAGR-1         (1) --------------------------------------------------------------MFLKKGSTIVVLLLVFYQNTNSQSVDVSKRVDCYPEPGASQ---DACQSRGCIWTEAPSSSPVGTPWCYYPTESGFTVQS---TGTNS 
C. elegans AAGR-2         (1) -----------------------------------------------------------------------MGKVTLLLLFVLLAFANAAPRFDCLPEPNGNQ---GACEARGCIWKEDDTG--KNAPWCYFKDGVGYNLDS---QQGST 
C. elegans AAGR-3         (1) -----------------------------------------------------MTAGSSWIVPIILLATPLAVQMVKRDDFKTCEQSAFCKQHRAITEPTGYELLADSITHHGAVWTANVRNSQNTLKINVIGLADSTVRVQ---IDEPE 
C. elegans AAGR-4         (1) -----------------------------------------------------------MWRLVVAWLLIGALDAVDRQNFKTCEQSGFCKRHRAVTSPTGYEVVGDSVKTNETGLHALIKNKDTTLRLSIVALKDSTVRVV---IDEND 

 
                         151                                                                                                                                                     300 
E. coli YicI             (53) FTLRFFS-PQEGIVGVRIEHFQGALNNGPHYPLNILQDVKVTIENTERYAEFKSGN-------LSARVSKGEFWSLDFLRNGER-----ITGSQVKNNGYVQDTNNQRNYMFERLDLGVGETVYGLGERFTALVRNGQT------VETWN 
S. solfataricus MalA      (3) --------------------ILKIYENKGVYKVVIG---EPFPPIEFPLEQKISSN------------KSLSELGLTIVQQGNK--------------VIVEKSLDLK------------EHIIGLGEKAFELDRKRKR------YVMYN 
H. sapiens NtMGA         (65) FTARLKNLPSSPVFGSNVDNVLLTAEYQTSNRFHFKLTDQTNNRFEVPHEHVQSFSGNAAASLTYQVEISRQPFSIKVTRRSNN-----RVLFDSSIGPLLFADQFLQLSTR-----LPSTNVYGLGEHVHQQYRHDMN-WKTWPIFNRD 
C. elegans AAGR-1        (83) FVLAAK--TKNPYGNNISPLNVKYSSNGATLLLTIGNDDRYVPPVNFPKKPSTSTE---SLKFTSGTIGSSDVFSFKVTRASTG-----VALWDTSIGGMQFADKFIQIAT-----YLPSKNIYGFGDHIHKKIRHNLDRYTTWPMFARD 
C. elegans AAGR-2        (72) YNLRKNGGPSNPWGADSTEIKLTTKSIGSVLNVKIGIDGRYEPPVDFPRETQSSTE---SLSLS--TSFSNGVFSFSVVRQSTN-----RKLFDTSIGGLIFSDQFIQIAT-----YLPSENMYGWGENTHQSLRHDFTKYLTWAMFARD 
C. elegans AAGR-3        (95) SAIRKRYVPNPALVSLPEELEFSSVENGDQEAKIIGGNKKLKVVVTYKPFLVSIFN---EFDELVAQLNRDGKLKVEEFRTKEEGKEYPEGFWEERFKGFTDHKQHGSSSVGVDISFVNFKTAYGLPEHADAFALRNTVG-NSDPYRLYN 
C. elegans AAGR-4        (89) GALRKRYQPLEALVDREPAQQKVKKIKEEATATKVLTTDGNRIVLQHKPFRIDFY----VKDKIVSSINAKETLHFEAFKKKVLLSDREKGFWEETFKEIKDTKPHGSSSVGVDIAFVGAKHVFGIPEHAESYSLRDTR--TYEPYRLYN 
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                         301                                                                                                                                                          450 
E. coli YicI            (184) RDGGTS----TEQAYKNIPFYMTNRGY----GVLVNH-PQCVSFEVG---------------------SEKVSKVQFSVESEYLEYFVIDGPTPKAVLDRYTRFTGRPALPPAWSFGLWLTTSFTTNYDEATVNSFIDGMAERNLPLHVF 
S. solfataricus MalA     (86) VDAGAY-KKYQDPLYVSIPLFISVKDG--VATGYFFNSASKVIFDVG---------------------LEEYDKVIVTIPEDSVEFYVIEGPRIEDVLEKYTELTGKPFLPPMWAFGYMISR--YSYYPQDKVVELVDIMQKEGFRVAGV 
H. sapiens NtMGA        (204) TTP NGN--G--TNLYGAQTFFLCLEDASGLSFGVFLMNSNAMEVVLQ-----------------------PAPAITYRTIGGILDFYVFLGNTPEQVVQEYLELIGRPALPSYWALGFHLSR--YEYGTLDNMREVVERNRAAQLPYDVQ 
C. elegans AAGR-1       (218) IGP DSGSALSTQNLYGVHPFYMCIEADG-KAHGVFILNSNAQEVETG-----------------------PGPHLLYRTIGGRIDMAFFPGPTPEQVVNQYLQHIGFPFLPAYWALGYQLCR--WGYGNLDAMKTVISRNQALGIPLDVP 
C. elegans AAGR-2       (207) QPP NSG-SLDTVNLYGVHPYYMILEPDG-KAHGVLIINSNAQEVTTA-----------------------PGPSLIYRTIGGNLDMYFFPGPTPEMVTQQYLKFIGKPFLPAYWALGYQLSR--YGYKGLAEMKTRIQAVRDAGIPIDIG 
C. elegans AAGR-3       (241) LDVFEYELNNPMALYVSIPYILAHRAN--RSVGALWFNAAETWVDTQSSVTSKGLFGKMLDKVTGSSDNVPHFDAHFISESGLVDVFFFVGPTVKDVQRQNSKLTGVTPLPPLFSIGYHQCR--WNYNDEQDVATVNQGFDDHDMPMDVI 
C. elegans AAGR-4       (233) LDVFEYETNSPMALYGSIPYLVGVHQK--RSVGALWLNAAETWVDIEPTTADKGGLSKEVLDADTKPRQVPQHNARFYSESGLIDVFITLGPQPNDIFRQLAALTGVTPLPPAFALGYHQSR--WNYKDQKDVKEVHDGFVKHDIPLDVL 
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                         451                                                                                                                                                           600 
E. coli YicI            (304) HFDCFWMKAFQWCDFEWDPLTFPDPEGMIRRLKAKGLKICVWINPYIG--QKSPVFKELQEK---------------GYLLKRPDGS-LWQWDKWQP-GLAIYDFTNPDACK--WYADKLKGLVA-MGVDCFKTDFGERIP--------- 
S. solfataricus MalA    (210) FLDIHYMDSYKL--FTWHPYRFPEPKKLIDELHKRNVKLITIVDHGIRVDQNYSPFLSGMGK------------------FCEIESGELFVGKMWPG-TTVYPDFFREDTRE--WWAGLISEWLSQ-GVDGIWLDMNEPTDFSRAIEIRD 
H. sapiens NtMGA        (325) HADIDYMDERRD--FTYDSVDFKGFPEFVNELHNNGQKLVIIVDPAISNNSSSSKPYGPYDRG-----------SDMKIWVNSSDGVTPLIGEVWPG-QTVFPDYTNP--NCAVWWTKEFELFHNQVEFDGIWIDMNEVSNFVDGSVSGC 
C. elegans AAGR-1       (342) YADIDYMNHYED--FTEGDNWSGFP-AYTQQIHAQGLHLIVIFDPAVEVDYASFQRGINADASFIEWARDDQVPHNIQDQYPMAKNTKIMLGNVWPDRNTAFPDFLDPRNNTNAWWAGEFAQFHKTLPFDGMWIDMNEPSNFDTGTYNTV 
C. elegans AAGR-2       (330) VADIDYMQRYKD--FTTGDDWAGFS-DYVKTMHDWGMKLILIFDPAIEATYPSFQRAIAANAKFIEWETKAQVQTAIQNLYPMAKDTKIMLGVVWPDNHVAFPDFLDSTNNTQNWWINEFVNYQSQVAFDGIWIDMNEPSNFGTNQDHPW 
C. elegans AAGR-3       (387) WLDIEHTDGKKY--FTWDKHKFPTPNDMVDKVAAKGRKMVTIVDPHIKKDDGYYVYKDAKDK---------------GLFVKRVDGS-DFEGHCWPG-SSEYLDFWHPDTRSYWKDQFAFDRYTGSSSNLHIWNDMNEPS---------- 
C. elegans AAGR-4       (379) WLDIEHTDNKAY--FTFDKDAFGKPEDMIKDLADKNRKLVTIVDPHIKKDSKYYIYKEAKKN----------------KYLVKDAKDTIYEGNCWPG-DSTYIDFINPKARKWWSEQFAFDKYKGTTKDVHIWNDMNEPS---------- 

 
                                        insert 2                                                                                                                                               α4                                         β5                α5               β6                         α6                                      β7 

                         601                                                                                                                                                          750 
E. coli YicI            (423) ------------------------------------TDVQWFDGS--------------------DPQKMHNHYAYIYNELVWNVLKDTVGE-EEAVLFARSASVGAQKFPVHWGGDCYANYESMAESLRGGLSIGLSGFGFWSHDIGGF 
S. solfataricus MalA    (336) VLSSLP--------------------------------VQFRDD--RLVTTFPDNVVHYLRGKRVKHEKVRNAYPLYEAMATFKGFRTSHRN--EIFILSRAGYAGIQRYAFIWTGDNTPSWDDLKLQLQLVLGLSISGVPFVGCDIGGF 
H. sapiens NtMGA        (459) STNNLNNPP---------------------------FTPRILDGYLFCKTLCMDAVQHWG-----KQYDIHNLYGYSMAVATAEAAKTVFPN-KRSFILTRSTFAGSGKFAAHWLGDNTATWDDLRWSIPGVLEFNLFGIPMVGPDICGF 
C. elegans AAGR 1       (489) ----EEQLASAKLSCPITGSDSSLDVPPYPTQAVYQR----NGEYLFSKTLCMLGKTAHRT---RDFYDTKNLYGWSEARATYQAIPQVTG--KRSAVISRSTFPSSGRYGGHWLGDNTARWGDLQTSVIGVMEFNMFGVPYVGSDICGF 
C. elegans AAGR-2       (477) YFDSDDHPNDAPLFCPTNGS-SPWEMPPYKTRAVWRFGDANSGAFLSSNTLCMLAQQDGGK---QRFYNVKNLYGLTEAINTQKALFKATG--KRGAVVSRSTYPSAGRYAGHWLGDNTARWEDLRTSVIGAQEFNLFGIPYVGSDVCGF 
C. elegans AAGR-3       (508) ------------------------------------------VFSGPEIT--MDKESIHYGG--IEHREIHNMYGMMYTSATFDGMIARTGGKERPFLLSRAGFIGTQRTAAIWTGDNTADWGHLEIAAPMTLSLSIAGVPFVGADVGGF 
C. elegans AAGR-4       (500) ------------------------------------------VFNGPEIT--MHKDAKHHGE--FEHRDVHNVYGFHQHSSTFEGLKARSNNEVRPFVLSRSFFAGSQRTAAVWTGDNKADWAHLKQSIPMLLSLSTAGLPFVGADVGGF 
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                         751                                                                                                                                                     900 
E. coli YicI            (516) EN------TAPAHVYKRWCAFGLLSSHSRLHGSK--SYRVPWAYDDES--CDVVRFFTQLKCRMMPYLYREAARANARGTPMMRAMMMEFPDDPACDYLDRQYMLGDNVMVAPVFTE-AGDVQFYLP-----EGRWTHLWHNDELDGSR- 
S. solfataricus MalA    (450) QGRNFAEIDNSMDLLVKYYALALFFPFYRSHKATDGIDTEPVFLPDY--YKEKVKEIVELRYKFLPYIYSLALEASEKGHPVIRPLFYEFQDDDDMYRIEDEYMVGKYLLYAPIVSK-EESRLVTLP-----RGKWYNYWNGEIINGKS- 
H. sapiens NtMGA        (576) AL------DTPEELCRRWMQLGAFYPFSRNHNGQGYKDQDPASFGADSLLLNSSRHYLNIRYTLLPYLYTLFFRAHSRGDTVARPLLHEFYEDNSTWDVHQQFLWGPGLLITPVLDEGAEKVMAYVP-----DAVWYDYETGSQVRWRKQ 
C. elegans AAGR-1       (626) NG------VSNEELCLRWHQFGAFSPFSRDHNSEGMPDQDPAVWPS---VANAAKIALTFRYYFLPFLYSLHYNAARYGHTVIRPLFFEFPKDEETLNISEQFLWGSALMIAPALYQGQTSVHAYFP-----SDTWYSLQPETYGQKMFS 
C. elegans AAGR-2       (621) IG------TTTEELCLRWQQMGAFHSFFRNHNTIGAPAQDPAVWPS---VAAATKKANLFRYQYLPYLFSLHFTASLSGATVIRPVFFEYPTDAETFNLGYEFMWGSRILVAPVIYQGTTSVNAYLP-----TDRWYSLFDYRYGSIMSP 
C. elegans AAGR-3       (612) FG------NPDEQLLSRWYQTAAFQPFFRAHAHIDTRRREPWLFSEQ--TQQIIREALRTRYALLPYWYTLFQQHTENGVPPMRPLFYEFENDDLLLEEQKQWMVGSGILARPVVEKDTFNVQVKLPRGEHKTERWFEWVSGNE--VRGE 
C. elegans AAGR-4       (604) FG------NPDEELLVRWYQAGAFQPFFRGHSHQDTKRREPWLFADN--TTEAIRNAIKTRYAFLPYWYTLFYEHAKTGKPVMRPFWMEFIEDEPSWDEDRQWMVGNGLLVKPVLEEKVKELSIYLP-G--KRQVWYDWETHKA--RPSP 

 
                         901                                                                                                                                                    1050 
E. coli YicI            (649) --WHKQQHGFLSLPVYVRDNTLLALG-----------------------N--NDQRPDYVWHEGTAFHLFNLQDGHEAVCEVPAADG----------SVIFTLKAARTGNTITVTGAGEAKN--WTLCLRNVVKVNGLQDGSQAESEQGL 
S. solfataricus MalA    (591) -----VVKSTHELPIYLREGSIIP----------------------------LEGDEL-IVYGETSFKR-----YDNAEITSSSNE--------------IKFSREIYVSKLTITSEK--P--V-----SKIIVDDSKEIQVEKTMQNTY 
H. sapiens NtMGA        (715) -KVEMELPGD-KIGLHLRGGYIFPTQQPN-TTTLASRKNPLGLIIALDEN-KEAKGELFWDDGETKDT---VANKVYLLCEFSVTQN---RLEVNISQSTYKDPNNLAFNEIKILGTEEPS--N-VTVKHNGVPSTSPTVTYDSNLKVAI 
C. elegans AAGR-1       (762) GFNDVNAPLSSLTPVFVRGGFVLPRQSPG-TTTTASRLSPFELLITVKTN-AASSGDLYYDGGDDLIPNDDIEQHPRVHWQFSFTSSIAGGVLTGNCETCSTAVRPPTLDIIEILGYPSSPNFNGFKLDGSSVTLDMTKTSYNSANQRVM 
C. elegans AAGR-2       (757) GYATVPAPTTSRIPVFVRGYSVIPRQTPS-ITTTATRSNPFELLIAPCPL-GMGEGTLYWDDGETIVN--DFNSYDYHQFDFMYNSTATGGSVTITHSKKSSKISLPTLDIIEIFNYPSAPNFRSFTINGKLVNVNVQRSTYSGITKILY 
C. elegans AAGR-3       (752) -SIYVDAPIT-FTPIYQRGGTIIPTWQRIRRSATLMKDDPITLFVALDSN-ENSNGEIYLDDGNTHDYQ--SGQFVKASFKYTTLSKNSAMLEGEHLD--GKYAAKNWIERVVVRGVESSP--KKVEITRVSDPVQSLEFSYDHDSKVLV 
C. elegans AAGR-4       (741) GAVQIPAELN-TIGLYHRGGTIIPKLSEVKLTTKENHEQPIILYIAVNQKGDFANGTIYLDDGESYAYE--KGDFAYWGFTFKREHDYLHTITNKNLDKKGKFDSDVYIDKIVIRGAKFYP--RNAHIFLDDFSPEDLEFEFNRDNFLME 

 
                        1051                                                   1103 
E. coli YicI            (744) VVKP---QGNALTITLH------------------------------------ 
S. solfataricus MalA    (663) DDSKEIQVEKTMQNTYVAKINQKIRGKINLE---------------------- 
H. sapiens NtMGA        (836) ITDIDLLLGEAYTVEWAH----------------------------------- 
C. elegans AAGR-1       (894) ISARNMISLMALKKKFTLSFTNLNVYL-------------------------- 
C. elegans AAGR-2       (887) ISTEGLVNLSSADSIVLQWSNAGNSMFDISSASSDEVGKMKALNTNRYDELYF 
C. elegans AAGR-3       (877) IRKPEALLTSSFKVHIEF----------------------------------- 
C. elegans AAGR-4       (870) IANPGAFVTREFRIDIHS----------------------------------- 
 







residual alpha-glucosidase activity [nmol/mgprotein*h] after RNAi
pH 4,0 pH 6,5

 acarbose - acarbose +  acarbose - acarbose +
Experiment No. RNAi target residual activity % of control residual activity % of control residual activity % of control residual activity % of control

I.
aagr-1 141 54 10 15 252 94 215 103

acidic aagr-2 26 10 20 31 188 70 183 88
control 261 100 64 100 268 100 208 100

V.
aagr-3 178 106 40 103 62 25 19 9

neutral aagr-4 166 99 37 94 203 83 157 76
control 167 100 39 100 246 100 206 100



alpha-glucosidase activity [nmol/mgprotein*h], pH 4,0 after RNAi

acarbose - acarbose + % of residual activity inhibited by acarbose 
after RNAiExperiment No. RNAi target residual activity % of control residual activity % of control

I.
aagr-1 119 55 18 26 85◄

a
c
i
d
i
c

aagr-2 21 10 16 23 22
control 216 100 70 100 68

II.
aagr-1 83 61 12 31 85◄
aagr-2 19 14 13 32 32
control 137 100 40 100 71

III.
aagr-1 143 129 21 76 86◄
aagr-2 30 27 20 72 35
control 110 100 27 100 76

IV.
aagr-1 104 80 17 44 84◄
aagr-2 34 26 22 57 34
control 129 100 38 100 70

V.
aagr-3 143 99 46 109 68

n
e
u
t
r
a
l

aagr-4 136 95 41 99 70
control 144 100 42 100 71

VI.
aagr-3 165 98 53 114 68
aagr-4 155 92 44 95 71
control 168 100 47 100 72

VII.
aagr-3 198 104 64 115 68
aagr-4 205 107 61 109 70
control 191 100 56 100 71

VIII.
aagr-3 160 99 58 114 64
aagr-4 154 95 46 91 70
control 162 100 51 100 69



residual activity % of control residual activity % of control residual activity % of control

aagr-1 - ok2317 147 75 12 33 329 83 92◄
control N2  198 100 37 100 398 100 81

aagr-4  - ok1423 134 82 264 95
control N2 165 100 277 100

RNAi of aagr-3  in ok1423 
deletion mutant 260 110 99 26

control in ok1423 238 100 375 100

acarbose - acarbose + acarbose - % of residual alpha-glucosidase activity 
inhibited by acarbose (pH 4,0)

pH 6,5
residual alpha-glucosidase activity [nmol/mgprotein*h] in deletion mutants

pH 4,0
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                               1                                                                                                    100 
H. sapiens NtMGAM        (451) DPAISNNSSSS-K--------PYGPYDRGSDMKIWVNSSDGV--TPLIGEVWPGQT---------------------VFPDYTNPN--CAVWWTKEFELF 
H. sapiens NtSUIS        (426) DPAISIGRRANGT--------TYATYERGNTQHVWINESDGS--TPIIGEVWPGLT---------------------VYPDFTNPN--CIDWWANECSIF 
R. norvegicus NtSUIS     (435) DPAISINKRANGA--------EYQTYVRGNEKNVWVNESDGT--TPLIGEVWPGLT---------------------VYPDFTNPQ--TIEWWANECNLF 
S. murinus NtSUIS        (412) DPAISITSLANGN--------HYKTYERGNEQKVWVYQSDGT--TPLIGEVWPGLT---------------------VYPDFTNPK--CLDWWTNECSIF 
O. cuniculus NtSUIS      (426) DPAISINRRASGE--------AYESYDRGNAQNVWVNESDGT--TPIVGEVWPGDT---------------------VYPDFTSPN--CIEWWANECNIF 
H. sapiens CtMGAM       (1316) DPAISGNETQP-----------YPAFTRGVEDDVFIKYPNDG--DIVWGKVWPDFPDVVVNGSLDWDSQVELYRAYVAFPDFFRNS--TAKWWKREIEEL 
H. sapiens CtSUIS       (1296) DPAISGNETKT-----------YPAFERGQQNDVFVKWPNTN--DICWAKVWPDLPNITIDKTLTEDEAVNASRAHVAFPDFFRTS--TAEWWAREIVDF 
R. norvegicus CtSUIS    (1301) APAISGNETQP-----------YPAFERGIQKDVFVKWPNTN--DICWPKVWPDLPNVTIDETITEDEAVNASRAHVAFPDFFRNS--TLEWWAREIYDF 
S. murinus CtSUIS       (1282) DPAISGNETQD-----------YLAFQRGIEKDVFVKWPNTQ--DICWAKVWPDLPNITIDDSLTEDEAVNASRAHVAFPDFLKTS--TAEWWATEIEDF 
O. cuniculus CtSUIS     (1296) DPAISGNETRP-----------YPAFDRGEAKDVFVKWPNTS--DICWAKVWPDLPNITIDESLTEDEAVNASRAHAAFPDFFRNS--TAEWWTREILDF 
H. sapiens GAA           (443) DPAISSSGPAG----------SYRPYDEGLRRGVFITNETG---QPLIGKVWPGST---------------------AFPDFTNPT--ALAWWEDMVAEF 
B. taurus GAA            (430) DPAISSSGPAG----------TYRPYDEGLRRGVFITNETG---QPLIGQVWPGLT---------------------AFPDFTNPE--TLDWWQDMVTEF 
M. musculus GAA          (443) DPAISSAGPAG----------SYRPYDEGLRRGVFITNETG---QPLIGKVCPGTT---------------------AFPDFTNPE--TLDWWQDMVSEF 
C. japonica GAA          (441) DPGISSTSPRG----------SYWPFDEGLRRGLFLNTTQG---QTLIGQVWPGYT---------------------AYPDFSNTD--THQWWLENLQRF 
C. elegans AAGR-1        (382) DPAVEVDYASFQRGINADASFIEWARDDQVPHNIQDQYPMAKNTKIMLGNVWPDRN--------------------TAFPDFLDPRNNTNAWWAGEFAQF 
C. elegans AAGR-2        (370) DPAIEATYPSFQRAIAANAKFIEWETKAQVQTAIQNLYPMAKDTKIMLGVVWPDNH--------------------VAFPDFLDSTNNTQNWWINEFVNY 
D. melanogaster GAA-like (446) DPHIKRDNN-------------YFFHRDCTDRGYYVKTREG---NDYEGWCWPGAA---------------------SYPDFFNPV--VREYYASQYALD 
H. sapiens GANAB         (490) DPHIKVDSG-------------YRVHEELRNLGLYVKTRDG---SDYEGWCWPGSA---------------------GYPDFTNPT--MRAWWANMFSYD 
S. scrofa GANAB          (468) DPHIKVDSS-------------YRVHEELQNLGLYVKTRDG---SDYEGWCWPGAA---------------------SYPDFTNPK--MRAWWADMFRFE 
H. sapiens GANC          (437) DPHIKIDPD-------------YSVYVKAKDQGFFVKNQEG---EDFEGVCWPGLS---------------------SYLDFTNPK--VREWYSSLFAFP 
C. elegans AAGR-3        (428) DPHIKKDDG-------------YYVYKDAKDKGLFVKRVDG---SDFEGHCWPGSS---------------------EYLDFWHPD--TRSYWKDQFAFD 
C. elegans AAGR-4        (420) DPHIKKDSK-------------YYIYKEAKKNKYLVKDAKD---TIYEGNCWPGDS---------------------TYIDFINPK--ARKWWSEQFAFD 
 

               β4     insert 2 
                      101                                                                                                  200  
H. sapiens NtMGAM         HN-------QVEFDGIWIDMNEVS---NFVDGSVS---------------GCSTNNLNNPPFTPRILDGYLF--------CKTLCMDAVQHWGK---- (577) 
H. sapiens NtSUIS         HQ-------EVQYDGLWIDMNEVS---SFIQGST---------------KGCNVNKLNYPPFTPDILDKLMY--------SKTICMDAVQNWGK---- (553) 
R. norvegicus NtSUIS      HQ-------QVEYDGLWIDMNEVS---SFIQGSLN-------------LKGVLLIVLNYPPFTPGILDKVMY--------SKTLCMDAVQHWGK---- (564) 
S. murinus NtSUIS         HE-------EIKYDGLWIDMNEVS---SFVHGST---------------KGCSDNKLNYPPFIPDILDKLMY--------AKTICMDAIQHWGK---- (539) 
O. cuniculus NtSUIS       HQ-------EVNYDGLWIDMNEVS---SFVQGSN---------------KGCNDNTLNYPPYIPDIVDKLMY--------SKTLCMDSVQYWGK---- (553) 
H. sapiens CtMGAM         YNNPQNPERSLKFDGMWIDMNEPS---SFVNGAVS-------------PGCR-DASLNHPPYMPHLESRDRG------LSSKTLCMESQQILPDGSLV (1475) 
H. sapiens CtSUIS         YN------EKMKFDGLWIDMNEPS---SFVNGTTT-------------NQCR-NDELNYPPYFPELTKRTDG------LHFRTICMEAEQILSDGTSV (1449) 
R. norvegicus CtSUIS      YN------EKMKFDGLWIDMNEPSSFGIQMGGKVL-------------NECRRMMTLNYPPVFSPELRVKEGE---GASISEAMCMETEHILIDGSSV (1461) 
S. murinus CtSUIS         YN------TYMKFDGLWIDMNEPS---SFVHGSVD-------------NKCR-NEILNYPPYMPALTKRNEG------LHFRTMCMETQQTLSNGSSV (1435) 
O. cuniculus CtSUIS       YNN------YMKFDGLWIDMNEPS---SFVNGTTT--------------NVCRNTELNYPPYFPELTKRTDG------LHFRTMCMETEHILSDGSSV (1449) 
H. sapiens GAA            HD-------QVPFDGMWIDMNEPS---NFIRGSE---------------DGCPNNELENPPYVPGVVGGTLQ--------AATICASSHQFLST---- (567) 
B. taurus GAA             HA-------QVPFDGMWIDMNEPS---NFVRGSV---------------DGCPDNSLENPPYLPGVVGGTLR--------AATI-------------- (554) 
M. musculus GAA           HX-------QVPFDGMWLDMNEPS---NFVRGSQ---------------QGCPNNELENPPYVPGVVGGILQ--------AATICASSHQFLST---- (567) 
C. japonica GAA           HT-------HVPFDGLWIDMNEPS---NFMDGSE---------------EGCPPGELDSPPYTPAVLGNSLT--------AKTVCASAEQNASV---- (565) 
C. elegans AAGR-1         HK-------TLPFDGMWIDMNEPS---NFDTGTYNTVEEQLASAKLSCPITGSDSSLDVPPYPTQAVYQRNGE----YLFSKTLCMLGKTAHRT---- (541) 
C. elegans AAGR-2         QS-------QVAFDGIWIDMNEPSNFGTNQDHPWYFDSDDHPNDAPLFCPTNGSSPWEMPPYKTRAVWRFGDANSGAFLSSNTLCMLAQQDGGKQ--- (537) 
D. melanogaster GAA-like  KFQ-----TVTADVMLWNDMNEPS---------------------------------------------------VFNGPEIT--APKDLIHYGNW-- (544) 
H. sapiens GANAB          NYE-----GSAPNLFVWNDMNEPS---------------------------------------------------VFNGPEVT--MLKDAQHYGGW-- (588) 
S. scrofa GANAB           NYE-----GSSSNLYVWNDMNEPS---------------------------------------------------VFNGPEVT--MLKDAQHYGGW-- (566) 
H. sapiens GANC           VYQ-----GSTDILFLWNDMNEPS---------------------------------------------------VFRGPEQT--MQKNAIHHGNW-- (535) 
C. elegans AAGR-3         RYT-----GSSSNLHIWNDMNEPS---------------------------------------------------VFSGPEIT--MDKESIHYGGI-- (526) 
C. elegans AAGR-4         KYK-----GTTKDVHIWNDMNEPS---------------------------------------------------VFNGPEIT--MHKDAKHHGEF-- (518) 
 
 





N-terminal domain catalytic domain C-terminal domain
trefoil proximal insert (1) distal insert (2) proximal C-term distal C-term

pdb C.e.  insertion C.e. insertion

te
m

pl
at

es E.coli YicI 1XSJ 1  - 247 248 348 391 (43 aa) 420 437 (17 aa) 588 (340 aa) 589 665 666 773
S.sulfataricus MalA 2GM3 1 (3)  - 155 156 252 295 (43 aa) 324 372 (48 aa) 530 (374 aa) 531 604 605 693
H. sapiens NtMGA 2QMJ 1 (7) 52 270 271 367 417 (50 aa) 447 497 (50 aa) 652 (381 aa) 653 731 732 869

ta
rg

et
s

H. sapiens GAA 1 135 353 354 444 492 (48 aa) 528 572 (44 aa) 724 (370 aa) 724 820 821 936
C.elegans AAGR-1 1 (25) 73 293 294 383 400 417 445 (62 aa) 477 492 519 548 (71 aa) 699 (405 aa) 700 780 781  (824) 955
C.elegans AAGR-2 1 (16) 62 281 282 371 388 405 433 (62 aa) 465 484 511 543 (78 aa) 694 (412 aa) 695 775 776 (821) 910
C.elegans AAGR-3 1 (37)  - (330) 338 339 429 474 (45 aa) 508 525 (17 aa) 686 (347 aa) 687 768 769 (814) 903
C.elegans AAGR-4 1 (24)  - (322) 330 331 421 466 (45 aa) 500 517 (17 aa) 678 (347 aa) 679 758 759 (805) 952



)

organism protein .pdb
E. coli YicI 1XSJ D 185 6 F 277 3, 7 D 306 3 C 307 3 W 315 3 W 345 3  -  - W 380 3 K 414 3 D 416 1 F 417 3 R 420  -  - R 466 W 479 3,6 G 481 D 482 2 D 511 6 F 515 3 R 538 H 540 S 542
S. sulfataricus MalA 2GM3 D 87 5 G 89 Y 184 3 D 212 4 I 213 3 I 249 3 D 251 6 W 284 5 W 318 3 D 320 1 M 321 5 T 325 F 327 5 R 400 4, 5 W 413 3 G 415 D 416 2 D 445 6 F 449 3 R 478 H 480 4 A 482
H. sapiens NtMGA 2QMJ D 203 5 Y 299 3 D 327 4 I 328 3 I 364 3 D 366 W 406 5 W 441 3 D 443 1 M 444 3 S 448 F 450 5 R 526 4, 5 W 539 G 541 D 542 2 D 571 F 575 R 598 H 600 4 G 602
C. elegans AAGR-1 D 217 W 316 D 344 I 345 I 380 D 382 W 433 W 471 D 473 M 474 S 478 F 480 R 576 W 589 G 591 D 592 D 621 F 625 R 648 H 650 S 652
C. elegans AAGR-2 D 206 Y 304 D 332 I 333 I 368 D 370 W 421 W 459 D 461 M 462 S 466 F 468 R 571 W 584 G 586 D 587 D 616 F 620 R 643 H 645 T 647
C. elegans AAGR-3 W 361 D 389 I 390 Y 398 I 426 D 428 W 463 W 500 D 502 M 503 S 507 R 562 W 575 G 577 D 578 D 607 F 611 R 634 H 636 H 638
C. elegans AAGR-4 W 353 D 381 I 322 Y 390 I 418 D 420 W 455 W 492 D 494 M 495 S 499 R 554 W 567 G 569 D 570 D 599 F 603 R 626 H 628 H 630

H. sapiens GAA D 282 W 376 D 404 8 L 405 I 441 8 D 443 W 481 8 W 516 8 D 518 8 M 519 8 S 523 F 525 R 600 8 W 613 G 615 D 616 8 D 645 F 649 8 R 672 H 674 8 S 676
GSDII GAA pathogenic variations del/ins (sev ) D/N (sev ) L/P (sev ) W/R (sev) STOP 

(sev )
M/V (int ) R/C (sev ) G/R (sev ) D/N (sev ) R/W (int )
M/T (sev R/H (sev ) D/Y (sev ) R/E (int )

R/L (unk ) D/E (sev )



NtMGA (query) YicI (query) MalA (query) YicI (query)
N-terminal domain catalytic domain proximal C-terminal domain catalytic domain catalytic domain catalytic domain

proximal insert distal insert YicI template

pa
rt 

of
 th

e 
m

od
el

A
A

G
R

-1 Z-score 36,9 59,6 5,1

no structural similarities

17,4 31,9 46,9 40,4
aligned residues 243 363 40 78 296 349 292
RMSD (Å) 1,1 1,0 1,1 0,4 2,1 2,3 0,7
seq. Identity (%) 36 45 18 32 19 30 18

A
A

G
R

-2 Z-score 39,2 60,2 2,9

no structural similarities

17,1 31,4 46,7 40,5
aligned residues 254 367 37 79 296 351 292
RMSD (Å) 1,2 0,9 1,9 0,6 2,2 2,9 0,7
seq. Identity (%) 37 42 16 28 18 29 18

A
A

G
R

-3 Z-score 14,4 50

no structural similarities not present

15,1 355 52 44,3
aligned residues 199 342 77 299 340 295
RMSD (Å) 3,1 1,2 0,9 1,9 1,2 0,5
seq. Identity (%) 13 31 26 23 34 23

A
A

G
R

-4 Z-score 13,2 50,7

no structural similarities not present

15,5 34,4 52,1 44,2
aligned residues 186 341 78 298 340 295
RMSD (Å) 3,0 1,2 1,1 2 1,1 0,6
seq. Identity (%) 13 35 40 23 35 23
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