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I. Abstract 

Aquaporins (AQPs) are small (~29 kDa) hydrophobic proteins that belong to the Major 

Intrinsic Protein (MIP) family of glycerol and water channels. AQPs are 6-transmembrane 

spanning proteins with two additional helical regions flanked by conserved NPA motifs that 

fold inward within the plane of the membrane to create a selectivity filter. They are 

ubiquitously expressed and best characterized within the kidney water reabsorption system. 

Four AQPs are responsible for water reabsorption in the nephron; AQPl in the proximal 

tubule and AQP2, AQP3, and AQP4 in the collecting duct. Over 30 mutations in AQP2 have 

been shown to cause hereditary nephrogenic diabetes insipidus (NDI), a disease 

characterized by the inability to produce concentrated urine. AQPs traffic as homotetramers 

and transport water passively across the plasma membrane according to concentration 

gradient. While the recently determined crystal structure of AQP family members has lead 

to a more complete understanding of the architecture of the AQP water channel and pore, 

very little is known about the early folding events preceding the formation of a functional 

channel. For this reason my studies have focused on investigating the early steps of AQP 

topogenesis, processing and folding at the ER and how these events may ultimately affect 

trafficking and function. 

AQPs and other polytopic membrane proteins are synthesized and oriented in the ER by the 

ribosome-translocon complex. N-linked glycosylation occurs cotranslationally as a protein is 

translocated into the ER. Only a subset of AQP2 is glycosylated (~20-30%). Interestingly, 

we found that while glycosylation had no apparent effect on WT protein it markedly 

stabilized the AQP2 trafficking mutants Tl26M, Al47T, C181W and Rl87C in comparison 
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to the nonglycosylated population of protein (~25 h in comparison to~5 h). Therefore N­

linked glycans appear have a general mechanism to compensate in some general way for 

folding defects throughout the protein. Knowledge of whether diverse expression systems 

recognize topogenic information similarly is crucial for a complete understanding of the 

biogenesis process. Using a systematic comparison of oocyte and mammalian cell systems, 

we demonstrated that AQP1 's unique topogenesis whereby it is initially synthesized as a 4-

TM protein, which is then converted to the mature 6-spanning channel is conserved across 

systems, and that the information encoded with the nascent chain itself is primarily 

responsible for a protein's orientation within the lipid bilayer. Further, these studies also 

showed that truncated proteins lacking C-terminal information could generate multiple 

biogenesis intermediates that reflect different steps in early protein biogenesis. These 

intermediates exhibit very different stabilities depending on the stage of protein biosynthesis, 

and this should be taken into consideration when using truncated proteins to study 

topogenesis. Previous work has shown that two polar residues in AQP1 TM2, Asn49 and 

Lys51, were necessary for TM2 to slip into the ER lumen. We demonstrate that these two 

residues specifically interact with a charged residue in TM5, Asp 185. Through 

intramolecular interactions, Asn49 and Asp185 are necessary for monomer folding, whereas 

intermolecular interactions between Lys51 and Asp 185 help to stabilize the tetramer. These 

two residues are necessary to compensate for the charged Asp185, and thus AQP1 's unique 

biogenesis is a consequence of this requirement. Importantly, these studies outline the 

complex relationship between topogenesis events, tertiary folding and oligomerization of a 

polytopic membrane protein. Together the results presented in this thesis advance our basic 

knowledge of early events of AQP synthesis and folding and may well be applied to other 
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multi-spanning proteins. 
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II. Introduction 

A. Aquaporin Physiology 

1 )Aquaporin Basics 

Aquaporins (AQPs) are members of the Major Intrinsic Protein (MIP) family of proteins, 

which are ubiquitously expressed throughout the bacterial, plant, and animal kingdoms (1,2). 

Most MIP family members can be classified as aquaporins (water conducting) or glyceroporins 

(glycerol conducting), and thirteen members of the aquaporin family (AQPO-AQP12) have 

been identified, to date, in humans. AQPs are small ("'29 kD) 6 transmembrane spanning 

proteins that exist as homotetramers in cell membranes (3). AQP monomers have a two-fold 

inverted hour glass pseudosymmetry and two inverted repeats (NPA motifs) that fold inward 

within the plane of the membrane to help form the selectivity filter within the pore (4,5). AQPs 

passively transport water and/or glycerol down their concentration gradient and most have a 

rigid selectivity filter that excludes ions including hydronium and hydroxide (6). In humans, 

aquaporins are expressed in a wide variety of tissue and cell types including lens fiber cells, 

kidney tubules, red and white blood cells, brain, epithelium, lung, adipose tissue, testis, and heart 

(2). While the physiological importance in many cases remains to be elucidated, expression in 

most tissues confers a high capacity for water transport. 

2) AQPs in the kidney 

AQP expression and function have been most extensively characterized in the kidney where 

several AQP members are primarily involved in water reabsorption. AQP1 is expressed in the 

proximal tubule, which is responsible for reabsorbing approximately 75% of the total 

glomerular filtrate (150-180 Llday) (7). Consistent with this, microperfusion experiments on 

isolated proximal tubules from WT and AQP1-null mice revealed significantly higher water 

permeability for the WT tubules (0.033 crn!s versus 0.15 crn!s) (8). Interestingly, AQP1-null 

mice are normal in terms of survival, appearance ,and organ morphology but become severely 

dehydrated when water deprived in contrast to WT (9). Humans that lack AQP1 (Colton Blood 
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Antigen) show a similar phenotype with a mildly impaired ability to concentrate urine (10). The 

symptoms are subclinical except under stress conditions. Although AQPl normally reabsorbs 

the majority of glomerular filtrate, AQPs in the distal nephron are apparently able to 

compensate for the proximal AQPl defect under nonstressed conditions. 

AQP2, the best characterized renal AQP, is expressed in the kidney collecting duct and is 

responsible for the vasopressin induced water reabsorption. Vasopressin is released from the 

posterior pituitary in response to an increased osmolarity of the blood or reduced blood volume 

(11). It binds a G-protein coupled receptor (V2) in the basolateral membrane of the collecting 

duct principal cells and triggers a signaling cascade involving adenylate cyclase, cAMP, and 

protein kinase A (PKA) that ultimately phosphorylates Ser256 on AQP2 C-terminal tail. This 

phosphorylation stimulates AQP2 containing vesicles to fuse with the apical plasma membrane 

(12,13) thereby increasing apical water permeability and thus increasing fluid reabsorbtion 

from the distal nephron. Water passes through the cell and back into the bloodstream via 

AQP3 and AQP4, which are expressed on the basolateral membrane of the same cells. Plasma 

vasopressin levels regulate both AQP2 and AQP3, but not AQP4 at the transcriptional level 

(14). Thus AQPs are subject to intracellular regulation at multiple levels that include 

transcription and cellular trafficking. 

Congenital nephrogenic diabetes insipidus (NDI) is characterized by a patient's inability to 

concentrate urine in response to vasopressin. NDI is caused both by mutations in the V2 

receptor and AQP2 (15,16). At least thirty NDI mutations in AQP2 have been identified, most 

of which are autosomal recessive and interfere with AQP2 folding resulting in misfolded 

proteins that are recognized by the ER quality control machinery. Autosomal dominant 

mutations have also been identified in which the mutant protein oligomerizes with WT thus 

blocking its trafficking to the plasma membrane (7). 
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3) Other AQP physiology 

Considering the widespread expression of AQPs, it is somewhat surprising that their 

physiological importance in many locations is not yet clear. In the brain, AQP4 is expressed in 

astroglial cells at the blood brain barrier as well as the choroid plexus, the organ that produces 

cerebral spinal flood (CSF). Surprisingly, AQP4-null mice show no major neurological defect 

(17). However, in the case of ischemic injury, or cytotoxic edema in a meningitis model, the 

AQP4-null mice showed a significant reduction in the expected brain swelling (17-19). Very 

interestingly, the AQP4-null mice also showed increased brain swelling in models of vasogenic 

edema including brain tumors and abscesses (18,19) suggesting AQP4 plays a key role in 

water transport in the central nervous system. 

AQP1 is also expressed in the corneal endothelium where it regulates corneal thickness and 

aids in recovery from injury induced swelling (20). The corneal thickness of null mutant mice 

is reduced by ~20% in comparison to WT mice (20) suggesting that AQP1 also regulates the 

steady-state volume of these cells. AQPO comprises about 50% of total membrane protein in 

lens fiber cells and is the only AQP that is believed to play a role in cell adhesion as well as 

water transport (7). AQPS is involved in secretion of saliva into the acinar lumen of the salivary 

gland (21,22). The importance of the glycerol transporting AQPs is only beginning to be 

appreciated. AQP7 is expressed in the plasma membrane of adipocytes and likely plays a role 

in glycerol export from fat cells. AQP7 null-mice reach a much higher fat mass than the WT 

mice as they age (23). AQP3, important for water reabsorption in the kidney, is also expressed 

in the basal membrane of keritinocytes where it maintains skin hydration by transporting 

glycerol from the bloodstream (24). 

B. Aquaporin Structure and function 

1) Structural selectivity, Water vs. Glycerol 

In recent years the atomic structure of several AQPs including human and bovine AQP1 (5,25), 
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E.coli AqpZ (26), sheep and bovine AQPO (27,28), and the glycerol transporter GlpF (4) have 

become available. They demonstrate a high degree of similarity even between the E. Coli 

glycerol transporter GlpF and the other AQPs providing insight into the mechanism and 

selectivity of water transport. These structures have explained a long standing question 

regarding AQP function, namely their ability to conduct water molecules while efficiently 

excluding protons and other ions (6). Molecular dynamics simulations (29-34) have revealed a 

novel mechanism in which water attains a configuration aligned in single file along the 

conducting pathway, and permeation occurs as one water molecule displaces the next 

(29,30,32,34). At the center of the pore a single water molecule hydrogen bonds 

simultaneously with the two amino groups ofthe asparagine side chains of the NPA motifs. 

This bipolar single file order self-propagates through water-water hydrogen bonds from the two 

central NPA motifs, and carbonyl groups of residues 59-62 and 182-185 serve as additional 

hydrogen bond acceptors for hydrogen atoms of water molecules along the pathway. As a 

water molecule passes these NPA motifs it must "flip" adopting the opposite orientation. This 

introduces a barrier to proton conduction that has been confirmed by multiple computational 

methods (1,29,33,35-38). Glycerol transport is facilitated in much the same way through a 

series of hydrogen bonds, although GlpF has a wider and less hydrophobic pore than the water 

conducting channels (""3.5A vs. 2.4A at the selectivity filter) and has a smaller asymmetric 

periplasmic projection that is proposed to be important for optimal substrate permeation (1,39). 

Collectively, these studies have elucidated the mechanism of water transport at a molecular level 

and defined small differences in the GlpF structure responsible for substrate selectivity (water 

vs. glycerol). 

2) AQP Gating and Regulation 

Water and glycerol transport through AQPs is a passive process primarily driven by 

concentration gradients, with transport regulation occuring mostly at the transcriptional and 

trafficking levels (2,7). Recent molecular dynamics simulations have suggested that aquaporin 
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channels may have two distinct conformational states for Arg-189 that may reflect a closed or 

open water channel ( 1 ). The crystal structure of the AqpZ tetramer also demonstrates Arg-189 

in two states and predicts that alternating between these two states would disrupt water transport 

(40). The authors propose that the driving force for the closed-to-open conformation is 

electrostatic in nature (40). It is unknown whether this phenomenon occurs in the lipid bilayer, 

and the physiological importance of these conformations remains to be determined. Thus, 

while it is unknown whether mammalian AQPs exhibit physiological gating properties, a plant 

AQP, SoPIP2;1, is known to close by dephosphorylation of two conserved serine residues or 

protonating a conserved histidine residue. Structural data showed that Loop D caps the water 

channel in the absence of these events ( 41). 

3) Other AQP substrates 

Non-traditional roles for AQPs have been described including conduction of ions and gases. 

AQP6 is an unusual AQP residing in the intracellular vesicles of the kidney collecting duct 

intercalated cells ( 42). When expressed in Xenopus oocytes it produces a very low water 

permeability that is increased by treatments with mercurials (43). Oocytes injected with AQP6 

also showed a marked anion conductance that was stimulated by mercurials (43). Because 

AQP6 is expressed in intercalated cells that are involved in renal acid/base regulation, it has 

been proposed that pH may regulate AQP6 function. In fact, at pH <5.5 water permeability and 

anion conductance through AQP6 are both increased and its selectivity for anions versus 

cations can be reversed by the mutation K72E. Further work has shown that Asn60, which 

corresponds to a Gly residue in all other AQPs, is responsible for AQP6's relatively low water 

permeability (44). 

Many AQPs including AQP1 conduct water and glycerol to varying extents (45,46). In 

addition, Y ool et al. ( 47) reported that forskolin treatment of AQP1 expressing oocytes induced 

a cation current through a pore formed at the center of the AQP1 tetramer that is distinct from 
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the water conducting pores. In addition, AQPl cation conductance was also observed using 

purified AQPl reconstituted in a planar bilayer (48), but with a stoichiometry of only one ion 

channel per 107 AQPl molecules, and the relevance of this finding remains controversial 

(49,50). Studies in oocytes suggest that C02 may also permeate AQPI (51,52), but in vivo data 

have yet to corroborate this role (53). Although AQPI can conduct ions at very low rates, 

AQP6 is the only AQP that has been convincingly shown to conduct ions in a physiologically 

relevant fashion. 

C. Aquaporin Biogenesis/Folding 

1) Early events of AQP translation 

Synthesis of AQPs and other polytopic transmembrane proteins requires the coordination of a 

complex set of events. The recent high-resolution crystal structures have been instrumental in 

understanding the mechanism by which AQPs transport water or glycerol, but there are few 

details as to how AQPs reach this final structure. Here I will discuss what is known about the 

mechanisms by which AQPs and other polytopic membrane proteins acquire secondary and 

tertiary structure, are integrated into the lipid bilayer, and acquire quarternary structure 

(oligomerization). 

AQPs are synthesized and folded in the ER along with other proteins destined for the secretory 

pathway. As the signal sequence encoded within the nascent chain emerges from the ribosomal 

tunnel, it binds Signal Recognition Particle (SRP) and stalls translation. SRP then targets the 

ribosome nascent chain complex to the SRP receptor at the ER membrane (54,55) and transfers 

the translating ribosome to the Sec61 translocation channel (56). After docking, protein 

synthesis resumes and the signal sequence engages the translocon and gates open the protein 

conducting pore to allow newly synthesized polypeptide to be translocated into the ER lumen 

(57-60). 
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The translocon is a large protein complex that includes the Sec61aBy heterotrimer, which forms 

the aqueous channel through which proteins are translocated (60). Translocon gating is thought 

to be mediated by binding and release of the ER luminal Hsp70 homolog, BiP (61). However, 

recent crystal structures of an archaebacterial Sec61a suggest a model whereby the pore is 

gated as a short helix is displaced from Sec61a (62). Many other proteins are physically 

associated with the translocon complex. Oligosaccharyltransferase (OST) attaches N-linked 

sugars to proteins as they emerge from the translocon (63). TRAM (translocating chain­

associated membrane protein) may play a role in formation of the ribosome-translocon junction 

(64-66), protein translocation (65,67,68), and integration ofTM segments into the lipid bilayer 

(69-71). Another associated protein is TRAP (translocon-associated protein), which may 

influence nascent chain orientation and play a role in translocation reinitiation after targeting 

(72). Taken together, work defining the translocon has provided new insight into the 

complexity of biogenesis events. However, questions remain. How does the tranlocation 

pathway maintain the ER permeability barrier? How and when do TM segments integrate into 

the membrane? Where do TM helices begin to assemble and how is this process influenced by 

the translocon and ribosome? 

2) Aquaporin Topogenesis 

Polytopic transmembrane proteins utilize the same ER machinery for their synthesis and 

topogenesis as secretory and bitopic proteins, but they face the additional tasks of orienting and 

integrating multiple TM segments into the lipid bilayer and localizing cytosolic and luminal 

loops. Transmembrane segments are comprised of approximately 20 nonpolar amino acids, 

which is long enough to span the 30A hydrocarbon core of the lipid bilayer as an a-helix (73). 

The von Heijne (74,75) group has shown that hydrophobicity alone does not necessarily define 

a TM segment, but that there is also a strong positional preference for certain amino acids 

within the TM segment. For example, arginine residues are poorly tolerated at the center of a 

TM segment, whereas moving them further away from the lipid core is better tolerated. There is 
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also a strong preference for aromatic residues at the edges of TM segments, which are thought 

to lie along the planar interface between the membrane lipid polar head groups (74,75). A 

major challenge in understanding basic mechanisms of polytopic protein biogenesis is 

understanding how the translocon is gated to properly localize luminal and cytosolic loops. 

Early topogenesis events of AQP4 follow a relatively simple model for polytopic membrane 

topogenesis in that primary information for topology is encoded locally within TMs that 

alternate in their ability to open and close the translocon (76,77). TM1 functions as a signal 

anchor sequence to target the ribosome nascent chain complex to the ER, gate the translocon 

open, and initiate translocation of the first extracellular protein domain. As TM2 enters the 

translocon it acts as a stop transfer sequence, gating the translocon closed and directing the next 

peptide loop into the cytosol. TM3 reinitiates translocation, etc. and so the topology of AQP4 

is established cotranslationally with each TM segment acting alternatively as either a signal 

anchor (TM1, TM3 and TM5) or stop transfer (TM2, TM4 and TM6). 

In contrast to AQP4, AQP1 is initially synthesized as a four-spanning protein that undergoes 

an internal reorientation of 3 TMs to form a six-spanning functional channel. Studies of 

AQP1 topogenesis have shown that while TM1 acts as an efficient signal anchor sequence, 

TM2 does not act as a stop transfer but rather, is transiently translocated into the ER lumen. As 

a result TM3 terminates translocation and initially spans the membrane in a reverse orientation 

to its location in the mature protein. TM4 is unable to reinitiate translocation and remains in the 

cytosol. TM5 and TM6 act as signal anchor and stop transfer sequences respectively. Thus 

AQP1 is initially synthesized as a 4-spanning protein (76-80). Interestingly, synthesis of 

TMs5 and 6 stimulates a reorientation ofTMs2-4 such that TM3 rotates 180° and TMs2 and 4 

acquire their proper topology (81 ). Therefore, residues in the C-terminal half of AQP1 are 

needed to properly orient N-terminal TM segments. Other polytopic membrane proteins also 

have similar biogenesis mechanisms. For example, Sec61a contains 10 TMs and also requires 
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C-terminal TMs to properly position theN-terminus in the membrane (82). Similarly, TM1 in 

both CFfR and Kv1.3 is unable to act as a signal sequence, but requires synthesis ofTM2 for 

targeting and integration into the lipid bilayer (83,84). Thus, polytopic proteins can utilize a 

variety of folding pathways to acquire their topology depending on specific translocation events 

that are directed by the nascent polypeptide. 

In addition to facilitating the orientation of transmembrane segments the translocon machinery 

must allow TM segments to exit laterally into the lipid bilayer. One model predicts that the 

translocon channel is open laterally into the lipid bilayer and that TM segments passively exit 

the translocon in accordance with their hydrophobicity (85). This model is supported by the 

recent crystal structure of SecYEB, which shows a lateral gate within a single translocon pore 

that could potentially accommodate a TM segment (86-88). Photocross-linking experiments 

also showed that a TM can cross-link lipids almost immediately after Sec61, and that lipid 

cross-linking was stimulated by increasing the hydrophobicity of the TM segment (71 ,85). A 

second model predicts that TM segment integration occurs in a regulated step-wise manner in 

which TM segments interact with specific binding sites within the Sec61 translocon and are 

released only upon the entry of the next TM or termination of translation. This model also 

predicts that the association of multiple helices may affect the exit of the TM from the 

translocation machinery (70,89-91). This model is supported by evidence that TM segments 

cross-link specifically to translocon components in a step-wise fashion at very precise moments 

during synthesis (70,91). Sadlish et al. systematically investigated the movement of all six 

AQP4 TM segments through the translocon and showed that TM segments contact Sec61 in 

strict succession. Notably, after losing contact with Sec61, some helices (TM1, 3 and 5) 

reestablish contact at an apparently different location (89). This suggests a more complicated 

mechanism than hydrophobic partitioning and raises key questions regarding complex folding 

such as AQP1, where TM reorientation is required for protein maturation. 
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3) Late Folding Events of AQPs and other Polytopic Membrane Proteins 

As polytopic membrane proteins, AQPs must attain their final folded structure within the plane 

of the lipid bilayer. Folding of secondary structure likely begins even before the nascent chain 

exits the ribosomal tunnel (92-94). Specifically, TM6 of Kv1.3 channel was shown to form a 

compact helical structure before it exited the ribosomal tunnel (94). Although the mechanism 

of secondary structure folding in AQPs is unknown, these observations are especially 

interesting in the context of AQP1 topogenesis. Would AQP1 TM2 (which slips into the ER 

lumen) form a helix in the ribosome exit tunnel? If so, would this folded secondary structure 

be maintained as the protein slipped through the translocon and into the hydrophilic ER lumen? 

If the helix was not formed within the ribosome, when would it fold? The tertiary folding 

events of AQPs are also unknown. A particularly interesting question is how and where the 

TM segments begin to associate in AQPl. Helical packing of transmembrane segments in the 

lipid bilayer is driven primarily by the hydrophobic effect and stabilized by hydrogen bonds, 

van der Waals forces, and sometimes salt-bridges between helices (73). Depending on where 

early folding takes place, the environment of the translocon could significantly influence this 

process. 

4) Oligomerization of AQPs and membrane proteins 

AQPs traffic from the ER to their final cellular destination as tetramers, and tetramerization is 

prerequisite for functional expression of channels at the plasma membrane (2,95). Studies have 

demonstrated that AQPO (96,97), AQP1 (98,99), AQP4 (100,101), as well as AQPcic (insect 

AQP) (102) all exist as homotetramers. However, little is known about the structural motifs 

that contribute to AQP tetramerization. There is some evidence suggesting that nonfunctional 

channels do not tetramerize and that proper folding of the water conducting channel is 

necessary for oligomerization. However, it is also possible that misfolding may cause both loss 

of function and lack of tetramerization. Mathai and Agre showed that two residues important 

for water conduction, one in Loop B, A 73, and one in Loop E, C189, are also critical to AQP1 
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oligomerization (103). Similarly, a mutation in Loop E of AQPcic (S205D) also blocked 

tetramerization. Work by other groups showed that there is a strong correlation between loss 

of water channel function and inability to oligomerize (95). Importantly, these mutations are in 

Loop B and E, which fold inward into the plane of the lipid bilayer to form the water conducting 

pore. Therefore, amino acids on these loops could not be involved in direct subunit-subunit 

interactions, but rather may affect tetramerization through allosteric interactions. 

Polytopic membrane proteins use a variety of strategies to promote oligomerization including 

N-terminal recognition domains (Kv (voltage gated potassium channels)), C-terminal CLZ 

domains (CNG channels) and GXXXG motifs within a TM segment (GPCRs) (104,105). Kv 

channels are six transmembrane spanning proteins that tetramerize in the ER to form functional 

channels through N-terminal Tl domains. The Deutsch group demonstrated that 

tetramerization through T1 domains can occur even before the nascent chain is released from 

the ribosome (106), and that oligomerization and tertiary folding are tightly coupled events 

(107). Unlike the Kv channels, AQPs do not have any obvious tetramerization domains but 

likely associate primarily through their TM segments. Interestingly, even when the Tl domains 

of K v channels are deleted, oligomerization can occur through TM segment interaction but is 

less efficient and not subtype specific (105,108). 

There is some evidence that AQPs have different oligomerization properties. Early studies 

predicted that GlpF trafficked and functioned as a monomer (109,110). However, cross-linking 

in intact membranes and cryoelectron microscopy demonstrated that GlpF does indeed 

tetramerize, but unlike AQP1 the intermolecular interactions are sensitive to nonionic detergents 

(111,112). It has also been suggested that differences in strength of intermolecular interactions 

may be related to their transport selectivity (113). Interestingly, the mutations Y222P/W223L 

not only convert AQPI to a glycerol conducting channel, but also alters its migration on a 

sucrose gradient to more closely resemble GlpF (95). One possibility is that differences in 
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monomer association have evolved to prevent hetero-oligomerization. This may be important in 

cell types where multiple AQPs are co-expressed. For example, AQP2, AQP3 and AQP4 are 

all expressed in kidney collecting duct principal cells, yet do not form heterotetramers (114). 

AQP1 and AQP3 are both expressed on the erythrocyte membrane and do not hetero­

oligomerize. Because members of the AQPs are overall highly homologous, a mechanism must 

therefore exist to prevent hetero-oligomerization and intermolecular interactions must therefore 

be highly specific. 

In addition to tetramerization, AQP4 forms higher order orthogonal arrays in the plasma 

membrane (100). Freeze-fracture electron microscopy of kidney collecting duct, muscle, and 

astrocytes in the brain had revealed regular square arrays of intramembrane particles called 

orthogonal array particles (OAPs) (100). There is some evidence that OAPs are formed in 

response to vasopressin stimulation and that phosphorylation of a putative PKA site at Ser111 

may be involved (115). The function of these structures is unknown, although it is possible that 

they are used to pack AQP4 into the highest density possible to facilitate rapid water transport 

(100). 

D. AQP Maturation and Degradation 

Transmembrane proteins are uniquely exposed to cytosolic, ER luminal and lipid environments. 

Therefore chaperone proteins in the cellular compartments assist in the folding and maturation 

process. This discussion will focus on the early folding events in the ER. The cytosolic 

chaperones Hsp70, Hsp40, Hsp90 all have homologues in the ER although their relevance and 

contribution to AQP1 biogenesis has not been explored. Disulfide bonds are formed in the ER 

with the assistance of the chaperone like protein disulfide isomerase (PDI) (116). However, 

AQPs do not have known disulfide bonds and have not been shown to interact with PDI. 

Several family members (e.g. AQP1, AQP4 and AQP2) haveN-linked glycosylation consensus 

sites in their extracellular loops that are modified to different extents (76,77, 117 -120). 

12 



1) AQP N-linked glycosylation 

Proteins undergo N-linked glycosylation as the nascent chain is translocated into the ER by 

oligosaccharyl transferase (OST). OST transfers a core sugar unit to an Asn residue in the 

consensus sequence NxS/T (x being anything but proline) (121). Blocking N-linked 

glycosylation with tunicamycin results in protein aggregation and induces the unfolded protein 

response (UPR), demonstrating the importance of N-glycans to productive protein folding 

(122-124). The effect of N-linked glycosylation on AQPs is not well known. Both AQPl and 

AQP2 are inefficiently glycosylated, presumably because of the close proximity of the 

consensus sites to the membrane (~7 residues for AQP2 and ~5 in AQP1). Efficient 

glycosylation of a consensus site generally requires a distance of at least 12-14 residues from 

the membrane for accessibility to OST (125). Interestingly, the mutations N49M/K51L in 

AQP1 TM2, which converts TM2 to a stop transfer sequence, also completely block 

glycosylation (77). This is most likely because when extracellular loop 1 (which contains the 

consensus site) is now tightly tethered to the ER membrane, it is sterically inaccessible to OST. 

Blocking glycosylation of either AQP1 or AQP2 with tunicamycin has no effect on the 

trafficking or function of the channels (126, 127), but AQP2 glycosylation may be important for 

trafficking of the tetramer out of the Golgi (128). Mutating the glycosylation site N123Q 

allowed AQP2 to tetramerize and still function in oocytes, but in mammalian cells this mutant 

colocalized with Golgi markers (128). The effect of N-linked sugars on AQP2 therefore, 

seems to be subtle and may involve one glycosylated subunit "escorting" unglycosylated 

monomers through the Golgi. The side effects of tunicamycin treatment could be responsible 

for the previous observations. 

Glycosylated proteins are substrates for another family of ER chaperones (129,130). Calnexin 

and calreticulin (CNX/CRT), which are the major ER lectins, bind N-linked glycans likely to 

prevent aggregation and degradation (131). Different glycosylation profiles have been reported 
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for WT versus NDI causing AQP2 mutants (119,132,133) in membranes derived from 

microinjected oocytes. AQP2 mutants (T126M, A147T and R187C) were all found to be 

predominantly glycosylated in contrast to WT, which was primarily unglycosylated (132). A 

more recent study showed that the glycosylated form of AQP2 T126M had a longer half-life 

than the unglycosylated isoform (119) suggesting that the addition of N-linked sugars may 

promote proper folding. Properly folded proteins must be released from CNX/CRT prior to 

trafficking to their final cellular destination. However, misfolded conformers undergo 

additional rounds of CNX/CRT binding by attachment and removal of a terminal glucose 

residue (131,134). 

2) AQP Degradation!ERAD 

The majority of NDI-causing AQP2 mutants fail to fold in the ER and are subsequently 

degraded by the 26S proteasome (15). This process, called ER associated degradation 

(ERAD), can be broken down into three parts: recognition and targeting, dislocation from the 

ER to the cytosol, and proteasomal cleavage. Proteins can be targeted due to folding mutations 

(CFTR and AQP2) (15,135), failure to oligomerize (TCRa, possibly AQPs) (136,137), viral 

targeting (human cytomegalovirus US2 and US11 proteins target class I MHC molecules) 

(138), and cellular regulation (Hmg2p) (139). Interestingly, many chaperones involved in 

protein folding and maturation (BIP, CNX/CRT, PDI, cytosolic hsp70-hsp90 family) are also 

implicated in targeting proteins for degradation (140,141). For Hsp70 this is accomplished by 

co-chaperones (i.e. Bag1, CHIP) that can bring substrate to the proteasome and/or function as 

ubiquitin ligases (142). 

Proteins are tagged for degradation by the covalent addition of ubiquitin. This is carried out via 

an enzyme cascade involving E1 (ubiquitin activating), E2 (ubiquitin conjugating) and E3 

(ubiquitin ligase) enzymes transferring ubiquitin to the target (142). It has been proposed that 

ERAD proteins with luminal versus cytosolic lesions are recognized by different ubiquitinating 
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complexes (143-145). AQP2 degradation mutants have been localized to both the cytoplasmic 

and luminal smfaces of the protein, although it is unknown which set of factors (15) recognizes 

them for degradation. 

Few details of AQP ERAD have been studied, therefore we will discuss ERAD in more general 

terms. Membrane proteins targeted for ERAD require specific mechanisms for ER extraction 

that involve active unfolding by ATPases. Evidence suggests that the most likely candidate for 

dislocation of secretory proteins is the Sec61 translocon (138,146). Additional proteins 

including Derlin-1 (Derlp in yeast), and the ligases Hrd1p and DoalOp are also involved 

(142,147-151). The AAA ATPase, p97 (Cdc48 in yeast) together with the 19S cap of the 26S 

proteasome likely provide the force needed to extract protein's TM segments from the lipid 

bilayer (148,152-154). 

The 26S proteasome is a large, multicatalytic cytosolic protease complex responsible for the 

degradation of polyubiquitinated ERAD proteins. A barrel shaped protein with proteolytic 

machinery, the 26S proteasome consists of a 20S catalytic core flanked by two 19S CAPs. The 

20S core contains the active sites for three different types of protease activity chymotrypsin­

like, trypsin-like and peptidyl-glutamyl-peptide like hydrolyzing activity (155-158). The 19S 

cap has a base and a lid domain which collectively bind and unfold degradation substrates, 

cleave off the ubiquitin chains, gate the 20S core open, and finally drive the unfolded protein 

into the catalytic core where it is degraded (159). Details of the AQP degradation pathway are 

unknown; however, NDI can be a direct result of AQP2 degradation. Because of this 

understanding the details of AQP2 degradation may reveal a pharmacological target to 

potentially stabilize the AQP2 mutants. 

E. Specific Aims Addressed in this Thesis 

The body of work presented here focuses on understanding the early molecular events of AQP 
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biogenesis and folding. While crystal structures have provided important insight into the 

architecture and water channel function of AQPs, very little is known about the events that 

contribute to the folding process which gives rise to a mature water channel in the lipid bilayer. 

1) How do NDJ-causing mutations in AQP2 affect early biogenesis events? 

Many of the NDI causing AQP2 mutants identified have been characterized as trafficking 

mutants that are retained in the ER and degraded by the ERAD machinery (15). These 

mutations are found throughout the protein in both luminal and cytosolic loops as well as in 

transmembrane segments. The specific folding defects that result and subsequently lead to 

recognition by the ER quality control machinery are unknown. 

a. Do NDJ causing AQP2 trafficking mutants affect early AQP2 topogenesis? 

In Manuscript 1 I investigated whether trafficking mutants might disrupt early folding 

events that generate proper topology. Mutations at or near TM segments may affect the 

early topogenesis events and therefore the final folded structure of a protein. Four 

NDI-causing AQP2 trafficking mutants were examined (T126M, A147T, C181W and 

R187C) and early AQP2 biogenesis was investigated using a series of truncated 

proteins fused to a C-terminal translocation reporter. Manuscript 1 discusses the 

results of these experiments. Briefly, I found that none of the four AQP2 trafficking 

mutants we identified had a noticeable effect on early topogenesis, although we did note 

an unexpected role for N-linked glycosylation in stabilizing mutant proteins. 

b. How does N-linked glycosylation affect AQP2 trafficking mutants? 

In membranes from microinjected oocytes, the AQP2 mutants (Tl26M, A147T and 

R187C) were predominantly glycosylated whereas WT AQP2 was mostly unmodified 

(132). Manuscript 1 describes how N-linked glycosylation increases the stability of 

AQP2 trafficking mutants (T126M, A147T, C181W, and R187C) in comparison to WT 

protein. 
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2) Is AQP 1 's unique biogenesis mechanism conserved in diverse expression systems? 

Studies of AQP1 in cell-free systems and microinjected Xenopus oocytes revealed a novel 

mechanism whereby only four of its six transmembrane segments span the lipid bilayer as the 

protein is synthesized (78). This four-spanning biogenesis intermediate later matures to the 

final six-spanning structure in the ER via an internal rotation that repositions TM2 and TM4 in 

the plane of the membrane (77,81). However, work by Dohke and Turner (160) suggested that 

biogenesis in HEK-293 cells was cotranslational in nature and did not involve a four-spanning 

intermediate. If mammalian cells handle topological information in a fundamentally different 

fashion, this would be of great importance for a number of reasons. First, what differences 

exist in the translocon machineries that would handle topological signals differently? Second, 

the in vitro RRL system and oocyte expression have been used to analyze the behavior of many 

polytopic membrane proteins. Therefore if these systems handle topological information 

differently it would be very important for examination of data generated in these systems. 

Manuscript 2 describes a systematic study undertaken to explain these divergent results. 

Specific questions asked are outlined below. 

a. Does the reporter fusion site affect AQPltopogenesis? 

Residues withinl0-15 amino acids of a transmembrane segment can effect the topology 

of TMs in the membrane ( 161 ). Dohke et al. ( 160) fused a C-terminal reporter (~­

subunit of the H/K ATPase) directly after transmembrane segments in truncated 

versions of AQP1 whereas earlier studies fused a different reporter further downstream 

(76,78,81). I therefore tested whether the site of fusion was responsible for topologic 

differences observed. An examination of these sites in oocyte and mammalian systems 

is described in manuscript 2 and showed that fusion site did not explain topological 

differences. 

b. Are glycosylation reporters and protease protection assays equivalent for assaying 
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the orientation of a polypeptide? 

C-terminal translocation reporters have been widely used to study membrane protein 

topology and biogenesis (78,82,162-169). Two common methods to determine 

topology of the reporter are protease protection and N-linked glycosylation. Studies of 

AQP1 topology in cell-free and oocyte systems used protease protection assays to 

determine the reporter location (77,78,81), whereas the studies in HEK-293 cells 

assayed the glycosylation status of the reporter derived from the !)-subunit of the H/K 

A TPase ( 160). Because these assays are widely used, it is important to determine if they 

yield equivalent results. Manuscript 2 describes studies comparing these systems. 

Briefly, I found topological results did not vary at early time points, but at later time 

points HEK-293 cells gave results similar to Dohke (160). 

c. When multiple topological isoforms are generated do they have similar stabilities? 

My studies revealed that in both oocyte and HEK-293 cells certain truncated AQP1 

constructs generated proteins that exhibited two alternate topologies. These isoforms 

are "stuck" at a premature stage of folding and thus are unable to mature because they 

lack C-terminal residues. I therefore tested whether the ER degradation machinery may 

handle these isoforms differently. Manuscript 2 describes pulse-chase analysis 

examining the stability of these isoforms in the oocyte and mammalian cell systems. I 

found a significant difference in the stability of the major and minor isoform and 

conclude that the differences in topology were primarily caused by very rapid 

degradation of the 4-spanning AQP1 isoform such that at late time points only the 

(minor isoform) 6-spanning remained. 

d. Are both isoforms stable in the context of full-length AQP 1? 

I observed very different stabilities for topological isoforms of truncated AQP1 fusion 

proteins. For fusion proteins truncated after TM3, the predominate 2- spanning 
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isoform was much less stable than the 3-spanning. I therefore wanted to determine if 

this differential stability was a consequence of the missing C-terminal information that 

is critical for folding or could be more generally applied to full-length AQPI. In the 

latter case only the small percentage of protein that is cotranslationally synthesized as a 

6-spanning protein would be stable, but the majority of newly synthesized protein ( 4-

spanning) would be degraded. Manuscript 3 describes pulse chase studies that show 

full-length AQP1 is stable and that differential stability is a consequence of using 

truncated proteins. 

In summary, Manuscript 2 describes a systematic analysis demonstrating that oocyte and 

mammalian cell expression systems handle topological information in the same manner. I 

conclude that AQP1 topogenesis is conserved across three expression systems (in vitro RRL, 

oocyte, and mammalian) and proceeds through a 4-spanning intermediate. 

3) How is AQPJ topological maturation achieved in the ER? 

As previously described, AQP1 is initially synthesized as a 4-spanning immature protein that is 

converted to the mature 6-spanning channel (77,78,81). The mechanism for protein 

reorientation is unclear, although reorientation of N-terminal TMs requires synthesis of C­

terminal TMs. Manuscript 3 defines the role of specific residues within the AQP1 N-and C­

termini that are responsible for this unique biogenesis process. The questions we specifically 

addressed are outlined below. 

a. What is the role of N-terminal residues Asn49 and Lys51 in AQP 1 function and 

folding? 

Previous work showed that two residues adjacent to TM2 (Asn49 and Lys51) are 

responsible for its poor stop transfer function. Replacing these residues with the 

corresponding AQP4 residues (N49M/K51L) converted TM2 into an efficient stop 

transfer, but destroyed AQP1 water channel function (77). Manuscript 3 describes the 
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relative contribution of these residues to AQPl function and early biogenesis. I found 

that Asn49 or Lys51 exhibited synergistic effects on TM2 stop transfer activity. 

Functional studies further showed that K51L did not alter water channel function, but 

the mutation N49M reduced function by "'50%. 

b. What C-terminal structural features are required for N-terminal (TMs2-4) 
reorientation? 

Specific interactions between theN-terminal residues Asn49 and Lys51 are important 

for protein maturation and folding. I therefore used the available crystal structure to 

identify a residue, Asp185, in the C-terminal portion of the protein that may 

productively interact with Asn49 and Lys51. Manuscript 3 describes functional assays 

that show how these three residues interact. I found that in contrast to the mutations in 

the C-terminus of AQPl (i.e.N49M/K51L), D185N had WT water permeability. 

Strikingly, mutating Asp185 to the corresponding residue from AQP4 (D185N) along 

with the other two mutations in TM2 (N49M/K51L) restored function of the protein. 

c. What is the contribution ofN49, K51 and D185 to monomer folding and tetramer 

assembly? 

Functional analysis and examination of the crystal structure for the AQPl monomer 

and tetramer predicted that association between these residues was both intra- and 

intermolecular. Specifically, we tested whether Asn49 and Asp185 hydrogen bond 

within the monomer whereas Lys51 and Asp185 associate intermolecularly between 

adjacent monomers. In Manuscript 3 we examined how these mutations affected 

intermolecular interactions using sucrose gradients and native coimmunoprecipitations. 

These studies validated our model and I conclude that the intramolecular association 

between Asn49 and Asp185 was more crucial to channel function than the 

intermolecular interaction between Lys51 and Asp185. However, these interactions 

have a cumulative effect on the folding of a functional water channel. 
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1. Abstract 

Aquaporin-2 (AQP2) is the vasopressin sensitive water channel that regulates water 

reabsorbtion in the distal nephron collecting duct. Inherited AQP2 mutations that disrupt 

folding lead to nephrogenic diabetes insipidus by targeting newly synthesized protein for 

degradation in the endoplasmic reticulum (ER). During synthesis, a subset of WT AQP2 is 

covalently modified by N-linked glycosylation at residue Asn123. To investigate the affect of 

glycosylation, we expressed WT and four NDI-related mutants in Xenopus laevis oocytes and 

compared stability of glycosylated and non-glycosylated isoforms. In all constructs, 

approximately 15-20% of newly synthesized AQP2 was covalently modified by N-linked 

glycosylation. At steady state, however, core glycosylated WT protein was nearly undetectable, 

whereas all mutants were found predominantly in the glycosylated form (60-70% ). Pulse 

chase metabolic labeling studies revealed that glycosylated isoforms of mutant AQP2 were 

significantly more stable than their non-glycosylated counterparts. For non-glycosylated 

isoforms, the half-life of WT AQP2 was significantly greater (>48 h) than mutant AQP2 

(T126M 4.1± 1.0 h, A147T 4.2± 0.60 h, C181W 4.5± 0.50 h, R187C 6.8 ± 1.2 h). This is 

consistent with rapid turnover in the ERas previously reported. In contrast, the half-lives of 

mutant proteins containing N-linked glycans were similar to WT (T 112="'25h), indicating that 

differences in steady state glycosylation profiles are caused by increased stability of 

glycosylated mutant proteins. These results suggest that addition of a single N-linked 

oligosaccharide moiety can partially compensate for ER folding defects induced by disease 

related mutations. 

Keywords: ERAD, Nephrogenic Diabetes Insipidus, oocytes, ER associated degradation 
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2. Introduction 

Nephrogenic diabetes insipidus (NDI) is characterized by the inability of the collecting duct to 

concentrate urine in response to stimulation by 8-arginine vasopressin (A VP). Most cases of 

congenital NDI are caused by mutations in one of two key proteins, the vasopressin (V2) 

receptor, or aquaporin-2 (AQP2) (15, 170). AQP2, a member of the Major Intrinsic .Erotein 

(MIP) family, (171) is a hydrophobic protein of approximately 29 kDa that exists as a homo­

tetramer in cell membranes. It contains six transmembrane segments and two inverted repeats 

(NPA motifs) that are thought to fold inward within the plane of the membrane to form the 

water selective pore (4,5). AQP2 synthesis, membrane insertion, folding and maturation is 

facilitated by biosynthetic machinery in the endoplasmic reticulum (ER). Prior to its export 

from the ER, AQP2 must be properly folded and assembled into tetramers (128). 

More than 26 AQP2 mutations have been causally linked to NDI, the majority of which are 

autosomal recessive and disrupt AQP2 function by altering stability of the immature protein 

(15). Four of these mutations T126M, A147T, C181 W, and R187C have been extensively 

characterized in Xenopus oocyte, yeast, and mammalian systems and shown to exhibit 

defective intracellular trafficking and degradation by the ER-associated degradation (ERAD) 

pathway (117,119,172-175). While the precise mechanism of degradation remains unknown, 

it is believed that these mutations disrupt AQP2 folding and that the misfolded proteins are 

subsequently recognized by ER quality control machinery, ubiquitinated and degraded by the 

26S proteasome (176,177). Certain mutations such as R187C and C181W that are located 

near the 2nd NPA box, disrupt the water conducting pathway (16,172,173,178), whereas other 

mutants, T126M and A147T, retain at least moderate water channel function 

(132,172,174,178,179). Thus, channel function per se is not a criterion for recognition by ER 

quality control, raising the possibility that restored trafficking of mutant proteins may partially 
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or completely correct the disease state. 

Several AQPs (e.g. AQP1, AQP4 and AQP2) contain N-linked glycosylation consensus sites 

in their extracellular loops. Some of these sites are inefficiently recognized during protein 

synthesis by oligosaccharyltransferase (OST) to generate a mixture of glycosylated and 

nonglycosylated species (76,77,117-120,132,180). While N-linked glycosylation may be 

important for AQP2 trafficking through the Golgi (128), it has little effect on stability of WT 

AQP1 or AQP2, as both proteins exhibit normal function when glycosylation sites are 

removed or blocked by tunicamycin (126,127). An unusual feature of AQP2 is that different 

glycosylation patterns have been reported for wild type and mutant proteins (119,132,133). In 

membrane preparations derived from microinjected Xenopus oocytes, AQP2 mutants (T126M, 

A147T, and R187C) were found to be predominantly glycosylated whereas, WT AQP2 was 

present primarily in a non-glycosylated form (132). It was initially proposed that these 

differences were due to deglycosylation of WT protein as it passed through the Golgi, thus 

reducing the apparent glycosylation efficiency. However, it has recently been show that WT 

and R187C AQP2 are both inefficiently glycosylated in oocytes (128). In addition, non­

glycosylated forms of T126M AQP2 exhibited a shortened half-life compared to glycosylated 

forms when expressed in cultured hepatoma cells (119). Based on these finding we sought to 

determine whether N-linked glycosylation confers a general effect on AQP2 stability in the ER 

compartment. Using Xenopus oocytes and pulse-chase metabolic labeling, we examined four 

mutant AQP2 proteins that are known to cause NDI, T126M, A147T, C181 W, and R187C. At 

early time points, all proteins were cotranslationally glycosylated to a similar extent as WT 

AQP2 (~20%). Interestingly, glycosylated forms of all mutant proteins were significantly 

more stable than their nonglycosylated counterparts, thus causing the percentage of 

glycosylated mutant protein to increase progressively over time. In contrast, N-linked 

oligosaccharides had little effect on the stability of the wild type protein. These findings 

indicate that the presence of N-linked sugars exert a generalized effect on AQP2 ERAD by 
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delaying the recognition of misfolded substrate by ER quality control machinery. 

3. Materials and Methods 

eDNA Construction. Plasmid pSP64.myc-AQP2 was constructed using a sense 

oligonucleotide (CCGGGTACATGTCTGAACAAAAACTTATTTCTGA 

AGAAGATCTGTGGGACCTCCGCTCCATA) to fuse the 10 residue myc epitope 

(EKQEEDL) (181) to theN-terminus of AQP2 (provided by A.Verkman) using standard 

cloning methods described previously (182). The missense mutants myc-AQP2 T126M, myc­

AQP2 A147T, myc-AQP2 C181W, and myc-AQP2 R187C were constructed from 

pSP64.myc-AQP2 using site directed mutagenesis (PCR overlap extension (183)). The 

chimeric clones thus encode N-terminally myc-tagged AQP2, AQP2T126M, AQP2A147T, 

AQP2C181W, and AQP2R187C. All cloned fragments were verified by DNA sequencing. 

Truncated fusion proteins were generated by ligating the COOH terminal 142 residues from 

bovine prolactin (182) to the indicated codons in AQP2. This was accomplished by using a 

sense oligonucleotide (oligo 242 base pairs upstream of the SP6 promoter) and antisense 

oligonucleotides encoding a BstE II restriction site at AQP2 codons V al131 

(GAGCTCGGTCACCACCGCCTGGCCAGCCGT), 

Pro157(AGCAGGGGTCACCGGGTTCTCTCCGCGGCG), Trp202 

(GATCCCAGGTCACCCAGTGGTCATCAAA T), and Arg267 

(GGCCTTGGTCACCCGTGGCAGGCTCTGC). Fragments were digested with Nhe I and 

BstE II and ligated 5' to a Nhe 1/BstE II -digested vector, S.LST.gG.P, as described previously 

(182). The chimeric constructs thus encode the AQP2 coding sequence specified and the 

reporter domain (diagrammed in Figure 6A). Importantly, this reporter contains no intrinsic 

topogenic information and faithfully follows the direction of upstream topogenic determinants 

(78,184). 

Xenopus laevis Expression: mRNA was transcribed in vitro with SP6 RNA polymerase (New 
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England Biolabs) using 2 }lg of plasmid DNA in a 10 Jll volume at 400 C for 1 hour as 

previously described (184). Aliquots were used immediately or frozen in liquid nitrogen and 

stored at -80° C. 2 Jll of transcript was mixed with 50 JtCi of 
35

S-methionine (0.5 Jll of a lOX 

concentrated Tran
35

S-label, ICN Pharmaceuticals, Irvine, CA) and injected into stage VI 

Xenopus oocytes (50 nl/oocyte). Oocytes were incubated at 18° C in MBSH (88 mM NaCl, 1 

mM KCl, 24 mM NaHC03, 0.82 mM MgS04, 0.33 mM Ca(N03) 2, 0.41 mM CaCh, 10 mM 

HEPES pH 7.4, 50 1--lg/ml Gentamicin,lOO units/ml Penicillin, 100 mg/ml Streptomycin Sulfate 

). For pulse labeling experiments, oocytes were homogenized at indicated time points and 

radiolabeled protein was immunoprecipitated prior to SDS-PAGE. For pulse-chase 

experiments, media was removed from oocytes 1.5 hours after injection and replaced with 

MBSH supplemented with 2 mM unlabeled methionine. Incubation was then continued for an 

additional 30 min to equilibrate unlabeled methionine and complete translation of labeled 

AQP2 protein (185). This time was used as our initial time-point for pulse chase studies. At 

times indicated, oocytes (5/lane) were flash frozen in liquid nitrogen and stored at -80° C. 

Immunoprecipitation: Groups of oocytes were thawed, solubilized in 100 Jll 0.1 M Tris-Cl 

pH 8.0, 1% SDS in a 1.5 ml microcentrifuge tube and incubated at 37° C for 30 minutes. 

Homogenates were then diluted in 10 volumes of Buffer A (1% Triton-X 100, 100 mM 

Tris-Cl pH 8.0, 100 mM NaCl, 5 mM EDTA), incubated on ice for 30 min, and insoluble 

material was removed by centrifugation (16,000 x g for 15 min at 4° C). 5.0 Jll of protein-A 

Affigel (BioRad, Hercules, CA) and 0.75 Jll of antibody Myc-9E10 (mouse ascites fluid, 

(181)) was added. The sample was mixed at 4° C for 10 hours prior to washing 3X with 

Buffer A and twice with 0.1 M NaCl and 0.1 M Tris-Cl pH 8.0. Samples were analyzed by 

SDS-PAGE, EN3HANCE (Perkin-Elmer Life Sciences, Boston, MA) fluorography and 

autoradiography. Band signals were quantitated using a BioRad personal Molecular 

Phosphorlmager Fx (Kodak screens, Quantity-1 software). 
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PNGaseF Digest: After SDS solubilization at 37° C, samples were split and 

immunoprecipitated as described. Protein-A beads were washed, resuspended in 15 [.tl 0.1 

M Tris-Cl pH 7.5 containing 0.3 [.tl PNGaseF (New England Biolabs, Beverly, MA) and 

incubated for 3 hrs at 37° C prior to SDS-PAGE. 

Immunoblotting oocyte membranes: Oocytes were injected as above but without 35S­

methionine, incubated at 18° C for the times indicated, and homogenized in 0.25 M sucrose, 50 

mM KOAc, 5 mM MgC12, 1 mM DTT, and 50 mM Tris-Cl pH 7.5 (5Jtlloocyte). 

Homogenates were centrifuged 800 x g for 5 min. The supernatant was layered onto 400 [.tl of 

0.5 M sucrose, 50 mM KOAc, 5 mM MgC12 and 50 mM Tris-Cl, pH 7.5 on top of 100 [.tl of 

1.8M sucrose in the same buffer. Samples were centrifuged at 186,000 x g for 10 min. Total 

cellular membranes were collected at the 0.5M-1.8M sucrose interface, diluted with 400 [.tl of 

50 mM KOAc, 5 mM MgCh and 50 mM Tris-Cl, pH 7.5, and repelleted through 0.5 M 

sucrose, 50 mM KOAc, 5 mM MgCh and 50 mM Tris-Cl, pH 7.5 by centrifugation at 186, 

000 x g for 10 min. Membrane pellets were solubilized and separated by SDS-PAGE and 

transferred to nitrocellulose. Blots were blocked overnight using 5% non-fat dry milk, probed 

for one hour with Myc 1-9E10 antibody (1:5,000, mouse ascites fluid), washed 6 times with 

10mM Tris-Cl pH 8.0, 150 mM NaCl, .1% Tween-20 and probed with goat anti-mouse IgG 

HRP antibody (BioRad, Hercules, CA) 1:10,000 for one hour and washed as before. Bands 

were detected by ECL using pico west Supersignal (Pierce, Rockford, IL) per manufacturer's 

instructions. 

Half-Life determination: To correct for variation in oocyte equilibration with the unlabeled 

methionine in the media, the 1.5 h time-point was normalized to 100% protein. Half-lives for 

the total and non-glycosylated protein were calculated assuming steady state first order 

elimination kinetics by fitting data to the equation A=A0 e-kt using Prism graphing software. 

Goodness of fit for the regression was analyzed by determining an F-statistic to determine the 
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ability of the regression equation to fit the data (SigmaPlot). Data with a P<0.05 was 

eliminated from the calculations (two experiments out of 26). All data is shown as mean 

±SEM with a minimum of 5 experiments. Due to the stability of WT protein, an accurate half­

life could not be calculated but was estimated to be >48 h. Data for the glycosylated protein 

did not follow first-order degradation kinetics and so half-lives were estimated from Figure 

5B. 

4. Results 

Xenopus oocytes efficiently express a wide variety of AQP water channels and have been 

extensively used to study AQP2 function and trafficking (16,117,133,172,186). Importantly, 

oocytes also faithfully reconstitute quality control events at the level of the ER (185). 

Although this quality control is sometimes less stringent than in mammalian cells, oocytes 

maintain the ability to discriminate and degrade mutant proteins via the ERAD pathway and 

therefore provide a useful system for examining early events of protein biogenesis ( 185). We 

expressed myc-tagged versions of WT and four mutant AQP2 proteins (T126M, A147T, 

C181 W, R187C) in microinjected oocytes to examine the role of N-linked glycosylation on 

AQP2 stability. These mutations were chosen because they exhibit similar trafficking defects 

in multiple expression systems including oocytes and because they reside in different regions 

of the protein, extracellular loop 2, intracellular loop 2, and extracellular loop 3, (see Figure 1) 

and therefore likely disrupt different aspects of AQP2 folding. 

WT and Mutant AQP2 proteins exhibit different glycosylation profiles. AQP2 N­

glycosylation status was initially examined using total oocyte membranes that were collected 

either 2 hr after injection when the proteins are predominantly localized to the ER (185) or 48 

hr after injection when WT protein should be maximally expressed at the plasma membrane 

((174,187). Immunoblot analysis revealed that both WT and mutant proteins were present as 

two distinct isoforms, a major band of 29 kDa and a minor band of 32 kDa (Figure 2A). 
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PNGaseF digestion confirmed that the difference in size was due to the covalent attachment of 

a single N-linked high mannose core oligosaccharide (Figure 2B). Initial glycosylation 

efficiency for both WT and mutant proteins was 10-20%. Thus, the only N-linked AQP2 

consensus site, residue Asn123, which is located in extracellular loop 2, is relatively 

inaccessible to oligosaccharyltransferase (OST). Forty-eight hours after injection a distinctly 

different glycosylation pattern was noted. Wild type protein remained predominantly in the 

non-glycosylated 29 kDa form, while mutant proteins were found mainly in the glycosylated 

form. These results were observed for all four mutants regardless of the site of mutation. 

Thus they appear to represent a general pattern independent of the specific folding defect. 

Pulse chase analysis of AQP2 synthesis in Xenopus oocytes. To determine why mutant 

and WT AQP2 exhibited different glycosylation profiles at later time points, pulse chase 

metabolic labeling studies were performed. Oocytes were co-injected with mRNA and 35S­

methionine to label newly synthesized protein. Previous studies have demonstrated that the 

35S-methionine is efficiently taken up into the aminoacyl-tRNAmet pool and incorporated into 

protein (185). Ninety minutes after injection, oocytes were placed in fresh media containing 2 

mM unlabeled methionine and incubated for an additional 30 minutes (pre-chase period) to 

allow uptake and equilibration of cold methionine and to complete synthesis of labeled AQP2 

polypeptides. Groups of oocytes were then homogenized at indicated time points, 

immunoprecipitated with anti-myc antibody, and analyzed by SDS-PAGE and 

autoradiography. As expected, initial glycosylation efficiency was low; ~20% of AQP2 was 

recovered as the 32 kDa glycosylated species for all constructs tested (Figure 3A). Non­

glycosylated WT AQP2 was remarkably stable throughout the chase period, whereas its 

glycosylated form was stable for 10 h and then gradually decreased in intensity. This late 

disappearance likely represents Golgi processing of high mannose core carbohydrates, 

although it has been difficult to consistently detect Golgi processed forms in oocytes because 

of their low abundance and heterogeneous appearance (187). It is also possible that some 
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WT AQP2 may pass through the Golgi without further modification. For mutant proteins, 

non-glycosylated forms were rapidly degraded (after a brief lag period) with little protein 

detected after 24 h. Interestingly, glycosylated isoforms of mutant proteins were significantly 

more stable than their non-glycosylated counterparts, suggesting that the increase in AQP2 

glycosylation observed at late time points primarily resulted from increased stability of mutant 

AQP2 induced by N-linked glycosylation. 

AQP2 trafficking mutants display a reduced half-life in Xenopus oocytes. Data from 

multiple pulse chase experiments was quantitated by phosphorimaging to determine the half­

lives of WT and mutant AQP2 proteins. The half-life of each protein was then determined by 

fitting a standard curve for first order degradation kinetics as described in methods. Data 

shown in Figure 3B clearly demonstrates a decrease in stability of mutant proteins compared 

to WT AQP2. Wild type protein had a half-life of>48 h, whereas the half-lives for mutant 

proteins were approximately 7.5±1.4 h (T126M), 7.1±1.6 h (A147T), 8.0±1.0 h (C181 W), 

and 12 ±2.2 h (R187C). 

We next examined the fraction of glycosylated proteins as a function of time (Figure 4). Two 

hours after injection, WT and mutant proteins were all glycosylated to the same extent 

consistent with Figure 2. All mutants showed a progressive increase in the percent 

glycosylation from approximately 20% to 65-70%, whereas the fraction of glycosylated WT 

protein remained nearly constant. Taken together, these results further demonstrate that N­

linked glycans have a markedly different affect on mutant and WT AQP2. 

Glycosylation stabilizes mutant protein. We next determined the half-lives of the 29 kDa 

and 32 kDa isoforms independently. Nonglycosylated WT AQP2 has a significantly longer 

half-life (>48 h) than any of the unglycosylated mutant proteins (T 112 ofT 126M=4.1±1.0 h, 

A147T= 4.2 ±0.60 h, C181W=4.5±0.50 h, R187C=6.8±1.2 h, Figure SA). In contrast, the 
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half-life of glycosylated mutant proteins (15-26 h) was very similar to WT (20 h), and in each 

case, the glycosylated isoform was more stable than its non-glycosylated counterpart (Figure 

5B). We also noted that for R187C there was an absolute increase in intensity of the 32 kDa 

band during early time points. The reason for this remains unclear but suggests that 

oligosaccharides may continue to be added to R187C polypeptide after synthesis is complete 

(discussed below). 

AQP2 mutations do not affect cotranslational glycosylation and early folding events. 

Although our data support a model in which N-linked glycosylation confers increased stability 

on mutant (and misfolded) AQP2 proteins, an alternative possibility is that these mutations 

might influence glycosylation on a subset of proteins that had already achieved a more stable 

conformation at the time of glycosylation. AQP topology is directed by topogenic 

determinants (e.g. signal anchor and stop transfer sequences) that target the ribosome nascent 

chain complex to the ER membrane, initiate and terminate translocation of peptide loops, and 

integrate TM segments into the lipid bilayer (77,78,81,160). Because N-linked glycosylation 

normally occurs cotranslationally as peptide loops translocate into the ER lumen, we tested 

whether accessibility of Asn123 by OST might affected by NDI-related mutations that altered 

AQP2 folding. 

Plasmids encoding WT and mutant AQP2 proteins were truncated at codons Val131, Pro157, 

Trp202, and Arg267 and ligated to a C-terminus reporter to generate fusion proteins 

containing 3, 4, 5 or 6 of the AQP2 TM segments (Figure 6A). In vitro transcribed mRNA 

was expressed in Xenopus oocytes, and reporter-containing polypeptides were recovered by 

immunoprecipitation and analyzed by autoradiography. These experiments revealed that WT 

and mutant constructs at any given truncation site were cotranslationally glycosylated to the 

same extent even though constructs encoded only a portion of the AQP2 protein. Thus 

synthesis of TMs 4, 5 and 6 are not required for glycosylation of Asn123 to occur. Moreover, 
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glycosylation of Asn123 occurs even before mutant residues are synthesized, confirming that 

AQP2 mis-folding must be a late event relative to the timing of initial oligosaccharide 

attachment. Of note, fusion proteins truncated at residue V al131, just prior to TM4 were more 

efficiently glycosylated ("'50%, Figure 6B). This occurs because removal of TM4 increases 

the accessibility of Asn123 to OSTby increasing its tethered distance from the ER membrane 

(see Figure 1 and(77)). Given that the fusion proteins lack one or more TM segments (TMs 5 

and or 6), glycosylation observed here is not dependent on acquisition of tertiary folded 

structure. 

Finally, to confirm that the extent of glycosylation observed (20%) reflects cotranslational 

attachment of oligosaccharide rather than posttranslational addition, we compared the timing of 

AQP2 glycosylation relative to protein synthesis. For these experiments, oocytes were 

harvested at very short time intervals following injection of mRNA and 35S-methionine. Full 

length radiolabeled AQP2 first appeared 10-20 minutes after microinjection consistent with the 

time required for 35S-met incorporation into the aa-tRNA pool and synthesis of the 29 kD 

protein (Figure 6C and D). Importantly, appearance of N-linked glycosylated species 

coincided precisely with the completion of synthesis, and levels of glycosylation (12-14%) are 

in good agreement with those observed at the initiation of the pulse chase experiments (See 

Figure 2). Due to technical constraints and the low abundance of protein present at these short 

time points, it was not possible to determine whether partial length translation intermediates 

were also glycosylated. However, taken together, our data support a model in which 

cotranslational attachment of N-linked sugars is primarily dictated by steric accessibility of the 

consensus site as ECL2 topology is established and not by the presence of specific mutations. 

5. Discussion 

The current study examines the effect of N-linked glycosylation on the early ER quality 

control of WT and mutant forms of the vasopressin regulated water channel AQP2. Because 
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AQP2 is inefficiently glycosylated in most cell types including mammalian cells, it affords a 

unique opportunity to directly compare, in the same cell, the fate of identical polypeptides that 

differ only in the presence of a single N-linked oligosaccharide. In the case of WT protein, 

non-glycosylated isoforms have relatively long half-lives that likely reflect productive 

processing and trafficking out of the ER compartment. This finding is consistent with 

previous studies demonstrating that glycosylation is not required for AQP function; some 

AQPs lack N-linked consensus sites (AQP6), while others have extracellular sites that are not 

utilized (AQP4 (76)). Still others, such as AQP1, AQP2, and AQP3, have sites that are utilized 

in only a subset of synthesized proteins (120,126,188), and removal or blockage of N-linked 

glycosylation from has no discemable effect on function (126-128). In contrast, our studies of 

NDI mutants provide evidence that the effects of AQP glycosylation can be both subtle and 

complex. In Xenopus oocytes, each of the four NDI mutations studied had a dramatic effect 

on the stability of AQP2 in the ER, decreasing the half-life of mutant proteins by >4 fold 

compared to WT. This was expected given that all mutants were chosen based on previous 

reports showing defective trafficking and rapid degradation in the ER (133,172,179). When 

stability of glycosylated and non-glycosylated species was examined separately however, we 

found that the presence of N-linked glycans markedly and selectively stabilized mutant 

proteins, with the half-life (in the ER) approaching that of WT. These results thus extend the 

previous findings of Hirano et al., (119) and demonstrate a general role for N-linked glycans 

in early AQP2 folding and ER quality control. It should be noted that glycosylated and non­

glycosylated monomers of WT AQP2 readily formed hetero-tetramers. In contrast, recessive 

mutations that disrupt AQP2 folding and ER trafficking fail to tetramerize (16,128,189). 

Therefore it seems likely that the differential stability of mutant isoforms reflects that of 

monomeric proteins. 

N-linked glycans have long been known to facilitate protein folding. Glycosylation inhibitors 

cause generalized protein misfolding in the ER lumen as demonstrated by the induction of a 
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strong unfolded protein response (190-198). N-linked glycans are also involved in targeting 

misfolded substrates to the ERAD pathway. Cleavage of a single mannose residue by ER 

mannosidase I, generates a Mans intermediate and provides a degradation signal recognized by 

the ER protein EDEM (199). This process may provide a timing mechanism for monitoring 

folding, because if folding is completed before Man9 trimming, then the substrate is exported 

from the ER. In contrast, if mannose trimming occurs prior to export, then the substrate may 

become a degradation target. Our findings that glycosylation specifically improves the 

stability of trafficking mutants, but not WT AQP2, suggests a novel physiological role for N­

linked glycans, namely that they provide a selective advantage for proteins slightly below the 

threshold for efficient folding. Such a finding is particularly intriguing given the large number 

of disease-related mutations that direct proteins into the ERAD pathway. 

AQP2 is a highly hydrophobic protein with a significant fraction of its mass located within the 

lipid bilayer and only a small portion of lumenally exposed polypeptide. It is therefore 

unlikely that glycosylation would effect solubility or aggregation of AQP2 as has been 

proposed for soluble proteins. Consistent with this notion, none of the mutations examined 

affected protein translocation or early folding events that establish cotranslational topology of 

individual TM segments (Figure 6 and appendix Figure A-1), and addition of N-linked sugars 

occurs cotranslationally even before the mutant residues have been synthesized. This 

eliminates the possibility that a cohort of more stable mutant proteins is preferentially 

glycosylated. It therefore seems likely that the presence of the oligosaccharide moiety either 

directly facilitates late folding events, possibly within the lipid bilayer, or in some manner 

masks the misfolded protein from recognition by quality control machinery (200). 

One possibility is that interactions with calnexin or calreticulin (CNX/CRT) may stabilize 

glycosylated AQP2 by binding to partially trimmed glucose residues. For example, when a 

truncated form of Ribophorin I, Rh32 was pharmacologically prevented from binding to 
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CNX/CRT, its half-life was reduced (201). Similarly, RI mutants lacking glycosylation 

consensus sites exhibited decreased half-lives. MHC Class I heavy chain was also degraded 

more rapidly when interactions with CNX were blocked, but in contrast to RI332, removal of the 

N-linked consensus site had a stabilizing effect (202), suggesting a complex relationship 

between carbohydrate effects on folding and the CNX/CRT pathway. In our case, we were 

unable to detect a significant difference in the stability of either WT or mutant glycosylated 

AQP2 after treatment of oocytes with the glucosidase inhibitors castanospermine or 

deoxynorjirimicin (data not shown). However, interpretation of these experiments was difficult 

because of the incubation times necessary to observe stability differences (10-20 hrs) and the 

toxicity of long term exposure to glucosidase inhibitors. 

Because water channel function could not be detected for any of the mutant proteins (data not 

shown), it is unlikely that their proper trafficking ever occurs in oocytes. We therefore favor 

the possibility that recognition of mutant AQP2 by quality control machinery is somehow 

delayed by the presence of the glycan moiety. This implies that folding defects in different 

mutants are impacted by events in the ER lumen. AQP2 stabilization also appears to be 

generalized and independent of the folding defect because it is shared by missense mutations 

located in different physical and functional regions of the protein (Figure 1). Importantly, this 

effect is not limited to the Xenopus expression system because similar observations were made 

for the T126M mutant expressed in mammalian hepatocytes (119). 

Most consensus sites in polytopic proteins must be located at least 12-14 residues from the 

ends of TM segments in order for OST to efficiently attach the carbohydrate moiety 

(125,203). Based on AQP1 and Glpf crystal structures (4,25,204), we estimate that Asn123 is 

only 6-9 residues from theN-terminus ofTM4 (see Figure 1). This is likely responsible for 

the inefficient glycosylation observed for AQP2 because increasing this distance to~ 16 

residues (i.e. truncation prior to TM4) substantially improved cotranslational glycosylation 
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efficiency (Figure 6). AQP2 glycosylation also appears to be primarily cotranslational, as it 

takes place during translation and before AQP synthesis is completed. However, isolated 

reports have indicated prolonged ER residence time may increase potential exposure of N­

linked consensus sites to ER-localized oligosaccharyltransferase and result in posttranslational 

glycosylation (205,206). To some extent this may occur for R187C in which the absolute 

amount of glycosylated material continued to increased after synthesis of radiolabeled protein 

was completed. ER retention per se, however, did not correlate well with the extent of post­

translational glycosylation, because T126M, A147T and C181 W mutants were all ER retained 

but did not exhibit the increase of total glycosylated protein observed for R187C. In addition, 

glycosylated proteins persisted after the non-glycosylated protein had been largely degraded 

making it unlikely that increased stability was due solely to posttranslational glycosylation. 

Thus our data support a model in which AQP glycosylation is primarily cotranslational and 

limited by steric accessibility of the consensus site. Unfortunately attempts to define the 

precise extent of post-translational glycosylation using tunicamycin were inconclusive. 

Oocytes stores of dolichol-bound high mannose oligosaccharides were only depleted after 8 

hours of tunicamycin exposure (Appendix FigureA-2), and stability of both glycosylated and 

nonglycosylated AQP2 isoforms was decreased during subsequent incubation, consistent with 

a general toxic effect (data not shown). 

In conclusion, we have shown that theN-linked glycosylated forms of four naturally occurring 

disease-related AQP2 mutants, T126M, A147T, C181W and R187C persist longer in the ER 

than their non-glycosylated counterparts. It was previously proposed that high steady state 

levels of glycosylated mutant AQP2 were caused by poor folding of the mutant proteins that 

interfered with the removal of the high-mannose carbohydrates in the early cis-Golgi complex 

(132). In contrast, our results are most consistent with the interpretation that addition of N­

linked glycans result in a generalized increase in mutant AQP2 half-life, stabilizing the small 

pool of glycosylated (relative to non-glycosylated) species which accumulates and 
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predominates over time. This does not occur for WT protein in which the non-glycosylated 

form is already very stable. We can not completely rule out, however, the possibility that 

delayed glycosylation may contribute to the apparent half-life for some mutants, particularly 

R187C. While glycosylation of some proteins is necessary for them to obtain their native 

structure, wild type AQP2 does not require addition of N-linked glycosylation for proper 

folding or water channel function. Thus it is surprising that addition of N-linked sugars to 

AQP2 mutant proteins has such an effect. These studies raise the possibility that maneuvers to 

manipulate attachment of N-linked carbohydrates may provide one strategy for improving 

stability and possibly trafficking of mutant proteins in human disease. 
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R187C 

Figure 1-1: Diagram of predicted AQP2 topology and relative locations of four NDI­

linked mutations, T126M, A147T, C181W, and R1817C. Topology and location ofTM 

segments was based on crystal structure of AQPl and GlpF (4,25,204), branching structure 

represents high mannose core oligosaccharide attached to Asn123. 
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Figure 1-2: Glycosylation Profiles for WT and mutant AQP2. (A) Xenopus oocytes 

were injected with WT or mutant, myc-tagged AQP2 mRNA as indicated. Total oocyte 

membranes were collected 2 hand 48 h after RNA injection, and immunoblotted with anti-

myc (9E10) antibody. Glycosylated (+g) and nonglycosylated (-g) AQP2 bands are 

indicated. Exposure times were adjust to best demonstrate the glycosylation profile. (B) 

Oocytes were coinjected with mRNA and 35S-methionine, incubated 8 hand homogenized. 

Immunoprecitated samples (myc, 9E10 antibody) were analyzed directly (-)or after 

digestion with PNGaseF (+)by SDS-PAGE and autoradiography. 
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Figure 1-3: Pulse Chase analysis of AQP2 synthesis. (A) Xenopus oocytes were 

coinjected with myc-tagged AQP2 mRNA and 35S-methionine, labeled for 1.5 hours and 

chased in fresh media containining unlabeled methionine. T=O was taken 30 min after 
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media change to allow equilibration of cold methionine. At the times indicated oocytes (5 

oocytes/lane) were homogenized and immunoprecipitaed with Myc-9E10 antibody and 

analyzed by SDS PAGE and autoradiography. Glycosylated (+g) and nonglycosylated (­

g) AQP2 is indicated. (B) Data was quantitated by phosporimaging, and values were 

normalized to the 1.5 h time point. The data represent the total protein, 29 kDa band plus 

the 32 kDa band (WT (+), T126M •, R187C .._, C181W e, A147T *).Results show 

mean +I- SEM for ~5 separate experiments. 
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Figure 1-4: Percentage of glycosylated mutant AQP2 protein increases over time. 

The percentage of glycosylated as a function of total protein at each time point was 

determined as in Figure 3 (WT +, T126M •, R187C .._, C181W e, A147T *).Results 

show mean +I- SEM of ;:::5 separate experiments. 
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Figure 1-5: Glycosylation stabilizes mutant protein. Stability of non-glycosylated 

(A) and glycosylated (B) protein was determined as in Figures 4 and 5 by quantifying 32 

kDa and 29 kDa bands, independently from separate pulse-chase experiments. Half-lives 

for mutants( T126M •, R187C •, C181W e, A147T *) were determined as described 

in methods. WT (+)half-life was estimated to be >48 h. 
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Figure 1-6: Cotranslational glycosylation is unaffected in AQP2 mutants. (A) WT 

and mutant, AQP2 eDNA was truncated after TM3, TM4, TMS or TM6 as diagrammed 

and fused to a prolactin-derived C-terminus reporter (P). Ovals and rectangles represent 

TM segments and reporter, respectively. (B) Oocytes injected with mRNA and 35S-

methionine were incubated 3 hand immunoprecipitated with anti-prolactin antibody and 

analyzed by SDS-PAGE. Predicted topology for the AQP2 protein at each truncation is 

diagrammed beneath sets of autoradiograms. C: oocytes injected with mRNA 

[35S]methionine were incubated for time specified and immunoprecipitated with 9E10 

antibody. D: data in C were quantitated to determine the % glycosylation at each 

timepoint. Signals of glycosylated protein at time points earlier than 30 min were not 

sufficient for quantitation. 
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1. Abstract 

Topological studies of multi-spanning membrane proteins commonly use sequentially 

truncated proteins fused to a C-terminal translocation reporter to deduce TM segment 

orientation and key biogenesis events. Because these truncated proteins represent an 

incomplete stage of synthesis, they transiently populate intermediate folding states that may or 

may not reflect topology of the mature protein. For example, in Xenopus oocytes, the 

Aquaporin-1 (AQP1) water channel is cotranslationally directed into a 4-spanning 

intermediate, which matures into the 6-spanning topology at a late stage of synthesis (J. Cell 

Bioi. 125:803, Mol. Bioi. Cell 11:2973). The hallmark of this process is that TM3 initially 

acquires an Nexo/Ccyto (Type I) topology and must rotate 180° to acquire its mature 

orientation. In contrast, recent studies in HEK-293 cells have suggested that TM3 acquires its 

mature topology cotranslationally without the need for reorientation (J. Bioi. Chern. 

277: 15215). Here we re-examine AQP1 biogenesis and show that irrespective of the reporter 

or fusion site used, oocytes and mammalian cells yielded similar topologic results. AQP1 

intermediates containing the first three TM segments generated two distinct cohorts of 

polypeptides in which TM3 spanned the ER membrane in either an Ncyto/Cexo (mature) or 

Nexo/Ccyto (immature) topology. Pulse-chase analyses revealed that the immature form was 

predominant immediately after synthesis, but that it was rapidly degraded via the proteasome­

mediated ERAD pathway with a half-life of less than 25 minutes in HEK cells. As a result, the 

mature topology predominated at later time points. We conclude that i) differential stability of 

biogenesis intermediates is an important factor for in vivo topological analysis of truncated 

chimeric proteins and ii) cotranslational events of AQP1 biogenesis reflect a common AQP1 

folding pathway in diverse expression systems. 
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2. Introduction 

Polytopic membrane proteins are synthesized and oriented in the endoplasmic reticulum (ER) 

by the ribosome and Sec61 translocon complex (RTC) (60,207,208). In the simplest model, 

topology of each transmembrane (TM) segment is established in a vectoral and sequential 

manner (N- to C-terminus) (209) as independent signal anchor and stop transfer sequences 

alternately gate the translocon and the ribosome-translocon junction and direct TM segment 

integration into the lipid bilayer (cotranslational model) (162,184,210). However, a growing 

body of evidence has demonstrated that the final topology of many native proteins is not 

necessarily established cotranslationally, but rather through cooperative interactions between 

topogenic determinants (TM segments) located within different regions of the polypeptide 

(post-translational model)(82, 163,211-217). 

One example of the post -translational model occurs during the biogenesis of Aquaporin-1 

(AQP1), a hydrophobic membrane protein of approximately 29 kDa that exists as a homo­

tetramer in cell membranes. AQP1 is a member of the Major Intrinsic £rote in (MIP) family, 

(3, 171 ). In its mature form it exhibits a characteristic topology with six TM segments and two 

additional short helical regions flanked by conserved NPA motifs that fold inward within the 

plane of the membrane to form a monomeric, water selective pore (4,5). AQP1 is expressed in 

diverse cell types and is localized in the kidney to the proximal tubule and descending limb of 

the loop of Henle where it plays a major role in renal water reabsorption (3,8). 

Early biogenesis studies of AQP1 in cell free systems and microinjected Xenopus oocytes 

revealed a novel mechanism in which only four of its six transmembrane segments 

cotranslationally acquired a membrane spanning topology (78). This 4-spanning intermediate 

later matures in the ER membrane to form the final6-spanning structure (77,81). AQP1 

biogenesis differs from the cotranslational pathway utilized by a close homolog, AQP4 (76), in 

part because hydrophilic residues within theN-terminus ofTM2 (Asn49and K51) disrupt stop-
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transfer sequence and allow TM2 to transiently pass through the translocon and into the ER 

lumen (77). As a result, when TM3 emerges from the ribosome, it acts as a stop-transfer 

sequence to terminate translocation and cotranslationally adopts an Nexo/Ccyto (Type I) 

topology. A 4-spanning intermediate is synthesized because TM4 does not reinitiate 

translocation, and TM5 and TM6 act as signal and stop transfer sequences, respectively (Figure 

1A). The defining feature of this folding intermediate is that TM3 is initially oriented with its 

C-terminus positioned in the cytosol. In Xenopus oocytes, TM3 topology is "corrected", as it 

rotates 180° about the plane of the membrane to acquire its mature topology during a later stage 

or following the completion of AQP1 synthesis (81). 

Recent work has suggested that the AQP1 biogenesis pathway may be dependent on cell type 

(160). A study by the Turner group examined the topology of truncated constructs in which 

variable numbers of AQP1 TM segments were placed into a chimeric protein containing N- and 

C-terminal reporter domains derived from EGFP and the f)-subunit of the H/K ATPase, 

respectively. The topology ofTM segments was inferred by N-linked glycosylation of the C­

terminal reporter in intact HEK-293 cells. In contrast to results in oocytes, the Turner group 

found that TM3 had already acquired its mature Ncyt/Cexo topology (e.g. the reporter was 

glycosylated) in constructs containing only the first three AQP1 TM segments and concluded 

that AQP1 biogenesis therefore occurs in a cotranslational fashion without reorientation from a 

4-spanning intermediate (160). 

These studies have lead to several unanswered questions regarding AQP1 biogenesis. Different 

reporter domains (prolactin verses H/K ATPase f)-subunit derivatives), translocation assays 

(protease protection versus glycosylation) and fusion sites could potentially account for the 

different apparent topology observed for TM3. Because C-terminal reporters are routinely 

used to study polytopic protein biogenesis, these factors are of more than just academic interest. 

In addition, while truncated proteins provide important structural information at a relatively 
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defined point of synthesis, they lack C-terminal sequence information and therefore must be 

viewed as populating intermediate folding states. As such they are potential candidates for 

recognition by ER quality control machinery. Consistent with this we had previously observed 

that certain AQP1 fusion proteins are relatively unstable in oocytes (79). A final possibility 

proposed by the Turner group is that oocytes and mammalian cells handle topological 

information in fundamentally different ways. If true, this would have major implications for 

protein biogenesis. 

Xenopus oocytes efficiently express diverse aquaporins and have been extensively used to 

study AQP biosynthesis, trafficking and function (16,117,133,172,186). However, a direct 

comparison of biosynthetic mechanisms in oocyte and mammalian cells has not previously 

been carried out. We therefore systematically examined AQP1 fusion proteins containing two, 

three or four TM segments in both Xenopus oocytes and HEK-293 cells to determine the 

origin of previous discrepancies. We now show that irrespective of the reporter or fusion site 

examined, both systems yielded similar topologic results. AQP1 intermediates containing the 

first three TM segments gave rise to two distinct cohorts of polypeptides in which TM3 

spanned the ER membrane in either an Ncyto/Cexo (mature) or Nexo/Ccyto (immature) topology. 

Careful pulse-chase analyses revealed that the immature form predominated immediately after 

synthesis in both cell types, but that it was rapidly degraded via the proteasome-mediated 

ERAD pathway. As a result, the mature topology predominated 1-2 hours after synthesis in 

HEK cells. We conclude that differential stability of biogenesis intermediates is an important 

factor for in vivo analysis of truncated chimeric proteins and that cotranslational events of 

AQP1 biogenesis are conserved in diverse expression systems. 
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3. Materials and Methods 

eDNA Construction: Plasmids AQP1P77.P, AQP1L139.P, and AQP1P169.P are described 

previously as clones 3, 6 and 7 (78); AQP1S66.P, AQP1T120.P, and AQP1L164.P were 

generated using the same strategy by PCR amplification of AQP coding region using antisense 

oligonucleotides: S66-GCTGATGGTCACCCCACTCTGCGCCAGCGTGGC, 

T 120-AAGCGAGGTCACCGTCAGGGAGGAGGTGAT' L164-

GGGGGCGGTCACCCCAAGGTCACGGCGCCTCCG. The resulting constructs contain AQP1 

residues 1-66, 1-77, 1-120, 1-139, 1-164, or 1-169 followed by the C-terminal142 amino acids 

of bovine prolactin, a passive translocation reporter (184). Plasmid pEGFP.AQP1T120.b was 

kindly provided by R. James Turner and is derived from pEGFP-C3 (Clonetech, Palo Alto, CA) 

(160). It contains AQP1 codons 1-120 fused between EGFP and the C-terminal 177 amino 

acids of the H,K-ATPase 13-subunit. pEGFP.AQP1S66. 13, pEGFP.AQP1P77. 13, 

pEGFP.AQP1L139. 13, pEGFP.AQP1L164. 13, pEGFP.AQP1P169. l3 were generated by PCR 

amplification of AQP1 eDNA using a sense oligonucleotide 

TGAGT AGATCTCATGGCCAGCGAGTTCAAG and corresponding antisense oligonucleotides S66 

TGAGTAAGCTTCCACTCTGCGCCAGCGTC,P77-

CAGTGTGAAGCTTCCCGGGTTGAGGTGGGCCCG,L139-

ATCTCGAAGCTTCCCAGGCCCTGGCCCGAGTTC,L164-

TGAGT AAGCTTCCAAGGTCACGGCGCCT, and P169-

CCGATGAAGCTTCCGGGGGCTGAGCCACCAAGG encoding Bgl II (sense) and Hind III 

(antisense) restrictions sites that were used to ligate DNA fragments into the pEGFP .. b 

cassette. The constructs encode AQP1 residues 1-66, 1-77, 1-139, 1-164, or 1-169 flanked by 

EGFP and 13-subunit. The full-length AQP1 construct was generated by ligating AQP1 eDNA 

into the mammalian expression vector pEGFP-N3 (Clonetech, Palo Alto, CA) between the Hind 

III and Not I restriction sites resulting in a full-length AQP1 construct without an EGFP tag. 

The sequence of all PCR amplified DNA was verified by automated DNA sequencing. 
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Xenopus laevis expression : mRNA was transcribed in vitro with SP6 RNA polymerase (New 

England Biolabs, Beverly, MA) using 2 }lg of plasmid DNA in a 10 Jll volume at 40oo C for 1 

hour as previously described (78). Aliquots were used immediately or frozen in liquid nitrogen 
35 

and stored at -80° C. 2 Jll of transcript was mixed with 50 ]lCi of S-methionine (0.5 Jll of a 
35 

lOX concentrated Tran S-label, ICN Pharmaceuticals, Irvine, CA) and 50 nl was injected into 

stage VI Xenopus laevis oocytes (50 nl/oocyte) on an ice cold stage. Oocytes were incubated at 

18° C in MBSH (88 mM NaCI, 1 mM KCl, 24 mM NaHC03, 0.82 mM MgS04, 0.33 mM 

Ca(N03)2, 0.41 mM CaCl2, 10 mM HEPES-pH 7.4, 50 mg/ml Gentamicin, 100 units/ml 

Penicillin, and 100 mg/ml Streptomycin Sulfate). 

Protease Protection and Pulse/Chase assays in oocytes: Oocytes were injected as described 

above, incubated at 18oo C for 3 hrs, and homogenized by hand in 3 volumes 0.25 M sucrose, 

50 mM KAc, 5 mM MgAc2, 1.0 mM DTT, 50 mM Tris-Cl pH 7.5. Homogenates were divided 

into 3 x 10 ml aliquots on ice. Proteinase K (PK) (Roche Diagnostics, Indianapolis, IN) was 

added (0.2 mg/ml final concentration) in the presence or absence of 1% Triton X-100. 

Reactions were incubated on ice for 1 hr and rapidly mixed with PMSF (10 mM) and boiled in 

10 volumes of 1% SDS, O.lM Tris-HCl, pH 8.0 for 5 min. Samples were then diluted in 10 

volumes of buffer A (100 mM Tris pH 8.0, 100 mM NaCI, 1% Triton X-100, 2 mM EDTA), 

incubated at 4oo C for 15 min and centrifuged at 16,000 x g for 10 min at 4oo C. to remove 

insoluble debris. Efficiency of the assay was regularly assessed using a known secretory 

control protein and was >80%. For pulse chase assays oocytes were injected as described, 

incubated at 18oo C for 2 hrs, and media was then replaced with fresh MBSH containing 2 mM 

methionine. Oocytes were harvested at the specified time-points and processed as above. 

HEK-293 Pulse-Chase Studies: HEK-293 cells were cultured in Dulbecco's Modified 

Essential Medium (Fisher Scientific, Pittsburgh, PA) supplemented with 100 units/ml Penicillin, 

100 mg/ml Streptomycin sulfate and 10% heat inactivated fetal bovine serum (GibcoBRL, 
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Grand Island, NY). Cells were grown on plastic in a humidified incubator at 37oo C and 5% 

C02 and were passaged every 3-4 days. Cells were transfected at 50-60% confluence with 

TransiT -LT transfection reagent (Mirus, Madison, WI) according to manufacturers instructions 

(3 mg eDNA and 12 ml TransiT -LT reagent per 60 mm plate). Transfection efficiencies were 

approximately 40% as determined by EGFP fluorescence. 48 hrs after transfection media was 

replaced with 1 ml methionine-cysteine free media for 30 min. Cells were then pulse-labeled 

with 80 mCi 35S-methionine for 15 min, and media was removed and replaced with fresh 

complete media for the indicated duration of the chase. Cells were lysed on ice with 1 ml RIPA 

buffer (0.1% SDS, 1% Triton X-100, 1% dexoycholate, 150 mM NaCl, 10 mM Tris-Cl, pH 

8.0, 2.5 mM MgC12, IX Protease Inhibitors III (CalBiochem, San Diego, CA) and lmM 

PMSF) for 30 min on ice and passed through a 26-gauge needle x 3. Samples were then 

clarified at 16,000 x g for 12 min. 

Immunoprecipitation: Clarified oocyte or HEK cell homogenates were incubated with anti­

prolactin antisera (ICN Biomedicals, Costa Mesa, CA) 1:2000 dilution, polyclonal anti-EGFP 

antibody (Molecular Probes, Eugene, OR) 1:2000 dilution, or polyclonal rabbit anti-AQPI 

antisera raised against purified AQPI protein (generously provided by A. V erkman, UCSF, San 

Francisco, CA) 1:1000 dilution and 5.0 ml protein-A affigel (BioRad, Hercules, CA). Samples 

were rotated for 10 hrs at 4oo C (oocyte homogenates) and 4 hr (HEK cells) prior to washing 

3x's with solubilization buffer and twice with 100 mM NaCl, 100 mM Tris-Cl, pH 8.0. 

Samples were boiled in protein SDS loading buffer (218) and analyzed by SDS-PAGE, 

EN3HANCE (Perkin-Elmer Life Sciences, Boston, MA) fluorography. Intensity of recovered 

bands was quantitated using a BioRad personal Molecular Phosphorimager Fx (Kodak 

screens, Quantity- I software). 

PNGaseF Digests: Beads from immunoprecipitations were resuspended after the final wash in 

15 ml 0.1 M Tris-Cl pH 7.5 and 0.3 ml PNGaseF (New England Biolabs, Beverly, MA), and 
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incubated at 37oo C for 3 hrs. Samples were then analyzed by SDS-PAGE as described above. 

4. Results 

C-terminal translocation reporters placed after connecting peptide loops have been widely 

used to study membrane protein topology and biogenesis (78,82,162-169). The rationale 

for this approach is that topology of TM segments and their connecting loops is controlled 

by the action of topogenic determinants encoded within the nascent polypeptide. TM 

segments that function as signal (anchor) sequences open the Sec61 translocon channel and 

initiate translocation of polypeptide into the ER lumen. All else being equal, translocation 

will continue until a second TM segment is synthesized that functions as a stop transfer 

sequence to close the translocon, relax the ribosome-translocon junction and allow the next 

peptide loop to enter the cytosol. In this manner, topology is determined cotranslationally 

as the nascent polypeptide emerges from the ribosome. A passive reporter domain (i.e. one 

containing no intrinsic topogenic information) fused to a peptide loop downstream of a 

signal sequence will therefore follow the loop into the ER lumen, whereas a reporter located 

downstream of a stop transfer will, in tum, remain in the cytosol. 

Two variations on this strategy have been employed to map the cotranslational topology of 

AQPl. In the first approach, a C-terminal reporter domain derived from the secretory protein 

prolactin was fused to each AQP1 peptide loop, and topology was determined in vitro and in 

microinjected Xenopus oocytes using a protease protection assay (78). The second approach 

used a different chimeric cassette containing anN-terminal EGFP domain and a C-terminal 

reporter derived from the B-subunit of the H/K ATPase. Topology of the B-subunit was then 

determined in HEK-293 cells based on N-linked glycosylation, which occurs exclusively in the 

ER lumen (160,219,220). Key differences between these studies are summarized in Figure 1. 

In oocytes, reporters fused to the TM2-3 loop (residue P77) or the TM3-4loop (L139) were 
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located in the ER lumen and cytosol, respectively (Figure 1A) (78). Surprisingly this was 

different from their expected topology in the mature protein. Two subsequent studies 

confirmed these results and demonstrated that AQP1 TM segments 2-4 cotranslationally 

acquire an immature topology that is subsequently converted to the mature topology by an 

internal 180° rotation of TM3 (77 ,81 ). In contrast, glycosylation patterns of the ~-subunit 

domain lead to the conclusion that the TM2-3 and TM3-4 loops acquire their proper topology 

cotranslationally in the ER of mammalian cells and therefore do not undergo a topological 

reorientation (Figure 1B). 

While similar in many ways, these studies differed in several important aspects including the 

location of fusion sites, the reporter domain used, and the cell expression system. We therefore 

undertook a systematic comparison of AQP1 biogenesis in oocytes and mammalian cells using 

similar truncation sites and reporters to resolve these discrepancies. Because the major 

differences involved the initial orientation ofTM3 (Type I in oocytes and Type II in HEK cells) 

we focused our attention primarily on the topology of TM3 and its immediate flanking 

residues. Topology of other regions such as theN- and C-termini and TMS-6 are well 

established and were therefore not re-tested here (Figure 1 ). 

Reporter fusion site does not affect outcome of early biogenesis experiments in oocytes. 

We first addressed whether topological differences might arise from the use of different fusion 

sites. In particular, up to 10-15 flanking residues can influence topogenic activities of TM 

segments (161). Thus, fusion sites very close to the TM C-terminus such as those used in the 

EGFP-~-subunit chimeras might delete potentially important topogenic information. 

Alternatively, the fusion site might introduce new flanking residues (from the ~-subunit) that 

could inadvertently alter TM2 behavior. AQP1 fusion sites were therefore tested head-to-head 

by placing the prolactin reporter at both truncations sites downstream of TM2 (S66 and P77), 

TM3 (T120 and L139), and TM4 (L164 and L169 (Figure 2A). Topology was determined by 
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protease protection as described in Methods. Consistent with our previous results, fusion to the 

TM2-3 peptide loop at either truncation S66 or P77 resulted in similar translocation of the 

reporter (80-83%, Figure 2B, lanes 1-6). Similarly, the ~-subunit-TM2 fusion site used by 

Dohke et al. had only a modest effect on translocation of the P-reporter, decreasing 

translocation by 5-10% (Appendix Figure A-3). In contrast, when the reporter was placed in 

the TM3-4loop (truncations T120 and Ll39) or the TM4-5loop (truncations L164 and L169) 

it was "'85-90% and >95% cytosolic, respectively (Figure 2B, lanes 7-18). As was observed 

previously, "'50% of fusion proteins truncated after TM3 (TM3.P and TM4.P) underwent N­

linked glycosylation at residue Asn42 which resulted in a 3 kDa shift in migration (78). 

These results thus support previous topological findings in Xenopus oocytes and demonstrate 

that different topological orientations obtained for TM2 and TM3 (shown in Figure 1) were not 

likely due to subtle modification of downstream flanking residues caused by different fusion 

sites. In all cases, TM2 did not function as an efficient stop transfer sequence to terminate 

translocation, and TM3 initially spanned the membrane with its C-terminal flanking residues 

oriented towards the cytosol. 

Truncated AQPl constructs generate multiple biogenesis intermediates with 

differential stability in oocytes. One limitation to all topology mapping studies is that 

results are often not absolute. For example, variable degrees of glycosylation were observed for 

several EGFP-AQP-~-subunit chimeras in HEK cells, particularly for fusion sites in the TM2-

3 and TM3-4loops (160). Similarly, in our original analysis we used a cut-off of "'80% 

protease protection to define whether a peptide loop segment was translocated into the ER 

lumen (78). As shown in Figure 2B, the majority of the reporter fused to residues T 120 or 

L139 was accessible to cytosolic protease. However, a small fraction (10-15%) appeared to be 

resistant to digestion. While this could potentially be caused by subtle variations in reporter 

folding and efficiency of proteolysis, even this minor fraction was completely degraded in the 
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presence of non-denaturing detergent (Figure 2B, lanes 9 and 12). This raised the possibility 

that nascent polypeptides with protected versus accessible reporters might represent separate 

cohorts of proteins with different topological structures. 

We therefore used pulse chase metabolic labeling to test the topology of AQP1 fusion proteins 

truncated after TM3 at residues T120 and Ll39. Oocytes were simultaneously injected with 

mRNA and 35S-methionine to initiate rapid radiolabeling of newly synthesized protein. 

Labeling gradually tapers off after several hours due to dilution by media and oocyte 

methionine stores (185). In some cases the chase was performed in the presence of excess 

unlabeled methionine but this had little effect given the long time course used (data not shown). 

Incubation times were chosen based on previous studies demonstrating that processing and 

transport proteins out of the oocyte ER is significantly slower than mammalian cells and occurs 

over the time frame of many hours (185,221). At the end of the incubation, reporter topology 

of remaining polypeptides was determined by protease protection. Two important results were 

obtained from these experiments. First, both constructs, regardless of the fusion site, were quite 

unstable and underwent significant degradation during the chase period (Fig 3A, compare lanes 

1, 4, 7 and 10, 13, 16). After 24 hours the amount of protein remaining had decreased by 60-

80% (Figure 3B). In contrast, there was little or no decrease in the amount of protein that 

yielded a proteaseprotected reporter. This resulted in a 3-4 fold increase in the fraction of 

remaining chains in which TM3 C-terminal residues appeared to reside in the ER lumen 

(Figure 3C and D). 

While not conclusive in themselves, these results suggested a scenario in which synthesis of the 

first 3 AQP1 TM segments provides insufficient topogenic information to efficiently direct TM 

segments into their proper topology. Most polypeptides, ("'85% in oocytes) can only achieve a 

2-spanning topology in which TM2 does not yet stably span the membrane and in which TM3 

is oriented in an NexoiCcyto topology. However, in a relatively small fraction of polypeptides 
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TM3 does acquire its proper NcytiCexo topology which is reflected by translocation of the 

TM3-4 loop and its attached reporter (Figure 3C). Thus two different isoforms appear to be 

generated in oocytes when synthesis ofTM3 and TM4 is completed and synthesis ofTM5-6 

has not yet begun. Whereas the 2-spanning topology initially predominates, selective 

degradation of this isoform leads to a relative increase in the more stable 3-spanning isoform 

overtime. 

AQPl fusion proteins generate multiple topological isoforms in mammalian cells. If 

truncated AQP1 constructs gave rise to multiple topological isoforms in mammalian cells, then 

differential stability might explain some of the topological discrepancies demonstrated in Figure 

1. We therefore re-evaluated chimeric fusion proteins previously used by the Turner group to 

better define AQP1 biogenesis in mammalian cells. AQP1 fragments were inserted into the 

EGFP ... ~-subunit chimera described previously at two different truncation sites after TM2, 

TM3 and TM4 (160). As shown in Figure 4A, the ~-subunit contains five potential N-linked 

glycosylation sites that provide a read-out for translocation into the ER lumen. Constructs were 

transiently expressed in HEK-293 cells, pulse labeled with 35S-methionine for two hours, and 

EGFP reactive proteins were immunoprecipitated and analyzed by SDS-PAGE before and after 

removal of N-linked sugars by PNGase F. When AQP1 was truncated at residues S66 and 

P77, 64% and 57% ofEGFP-reactive protein was present in a glycosylated form (Figure 4B 

lanes 1-4). This is consistent with previous reports that found >50% glycosylation in the 

identical S66 construct at steady state. However in contrast to the previous conclusions that 

TM2 spanned the membrane cotranslationally, we would argue that TM2 does not efficiently 

terminate translocation in HEK cells. Rather its C-terminal residues pass into the ER lumen in 

a major fraction of nascent polypeptides. 

The ~-subunit reporter was also predominantly glycosylated when fused to residues Tl20 or 

L139. Most recovered protein (75-82%) migrated at a size of --62-65 kDa whereas only faint 
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bands were observed at "'50-53 kDa (Figure 4B, lanes 5-8). PNGase F digestion confirmed 

that the larger bands represented glycosylated forms of the 50 kDa chimeric protein. These 

results are consistent with steady state immunoblots (160) of the T120 truncation in which the 

~-subunit reporter was glycosylated in "'80% of polypeptides. The simplest explanation for 

these results is that TM3 is indeed predominantly oriented in its mature NcytfCexo topology. 

However, a small proportion of nonglycosylated protein was also isolated (Figure 4 upward 

arrows). While it is possible that this might reflect inefficient glycosylation of the reporter 

(222), this seems unlikely because of the large number of consensus sites available in the ~-

subunit. Indeed, lack of glycosylation of this reporter has been used as a direct readout for its 

cytosolic location (160,168,223). Polypeptides with nonglycosylated reporters therefore more 

likely represent a minor cohort of AQP1 that exhibits an alternate topology in which the 

reporter remains in the cytosol. Thus like oocytes, mammalian cells appear to generate two 

different isoforms from constructs containing the first three AQP1 TM segments but the 

relative proportion of 2- and 3-spanning isoforms would appear to be reversed (Figure 4C). 

Differential stability of AQPl topological intermediates in HEK-293 cells. Based on 

our observations in oocytes, we further investigated the relationship between glycosylated and 

unglycosylated (3-spanning versus 2-spanning) AQP1 fusion proteins by pulse-chase labeling 

in HEK cells. Because of rapid processing, very short pulse times (15 min) were used to 

capture AQP1 chimeras as close to the completion of synthesis as possible. These experiments 

revealed that immediately after synthesis, AQP1 chimeras containing the first three TM 

segments (truncations T120 or Ll39) were glycosylated in less than 50% of total protein 

(Figure SA and B). Glycosylated proteins were initially present as a series of bands between 

53 and 65 kDa in size that became fully glycosylated within 1 hour. Remarkably, 50-60% of 

both chimeras were initially present as nonglycosylated protein that rapidly disappeared with a 

half-life of <25 min. Thus within 1 hour of synthesis, >80% of remaining protein contained a 

glycosylated reporter. 
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While it is possible that the reporter might have undergone a delayed glycosylation after 

reaching the ER lumen, we do not believe this is the case because the total amount of 

glycosylated protein did not change significantly during the chase period when all glycosylated 

bands were quantitated (Figure 5B and Figure 6). Rather our data indicate that a significant 

fraction of these chimeras is synthesized in a 2-spanning topology where TM3 is 

cotranslationally oriented in an NexoiCcyt topology. Just as in oocytes, this topological isoform 

is very unstable and selectively degraded, leaving the minor isoform to predominate at later time 

points. Because of its very short half-life, it is likely that some of the 2-spanning isoform is 

degraded during the pulse period and that the protein present at T=O represents an 

underestimate of the actual fraction of the 2-spanning isoform (see Figure 6). These data are 

therefore very similar to the results obtained in oocytes and demonstrate that regardless of the 

reporter, oocytes and mammalian cells both seem to handle AQPl cotranslational biogenesis in 

a similar fashion. 

Selective degradation of AQPl biogenesis intermediates occurs via the proteasome­

mediated ERAD pathway. Misfolded proteins in the ER membrane are usually recognized 

by quality control machinery and degraded by the ubiquitin-proteasome (ERAD) pathway. We 

therefore tested whether selective degradation of the 2-spanning isoform of AQPl occurred via 

the proteasome. Pulse-chase studies performed in the presence of the proteasome inhibitor 

MG 132 revealed that nonglycosylated (2-spanning) isoforms were dramatically stabilized upon 

proteasome inhibition (Figure 6A and C). Similar results were observed using another 

proteasome inhibitor ALLN (Appendix Figure A4). The relative fraction of the 2-spanning 

isoforms was increased to "'70% at initial time points, likely as a result of blocking degradation 

that took place even during the pulse period as mentioned above. In addition, the ratio of 2- and 

3-spanning isoforms remained nearly constant in the presence of MG 132 because selective 

degradation of the 2-spanning isoform was reduced (Figure 6B, 6D). Importantly, no 
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conversion of the nonglycosylated protein to the glycosylated form was observed. Therefore 

the predominance of the 3-spanning topology observed at late time points does not result from 

delayed glycosylation of a translocated B-subunit reporter. We conclude that the changes 

observed in the topological profiles of AQPl chimeras containing the first three TM segments 

result from selective degradation of the 2-spanning, relative to the 3-spanning, isoform. 

Full-length AQPl is stable in HEK-293 cells. We previously showed that in Xenopus 

oocytes, completion of AQPl synthesis provides additional folding information that converts 

TM3 from its immature to its mature conformation (81). Thus in the full-length protein, the 

six-spanning topology is not a result of selective degradation, but is derived from a 

rearrangement of TMs 2-4. However, it remained theoretically possible that in mammalian 

cells, full length AQPl could be synthesized as a 4-spanning intermediate that was rapidly 

degraded and that this could result in the predominant mature six-spanning topology. Because 

the majority of AQPl is initially synthesized with TM3 in reverse orientation (Figure 6), we 

would expect >50% of the protein to be rapidly degraded by the proteasome-ERAD pathway. 

To test this hypothesis, the stability of full length AQPl was examined by pulse-chase analysis 

in HEK cells. Results in Figure 7 clearly demonstrate that in contrast to truncated constructs, 

full length AQPl was very stable throughout the chase period. Moreover, no significant 

differences in expression level or stability were observed in the presence of MG 132 under our 

conditions during the time course expected for topological maturation in the ER. Given the 

very short pulse labeling period used in our study, it is extremely unlikely that degradation of 

the unstable 4-spanning isoform could account for these findings. Thus, we conclude that 

protein initially synthesized with TM3 in the reverse orientation is converted into a more stable 

structure as additional folding information is provided by synthesis of C-terminus residues. 

5. Discussion 

Previous studies proposed two different pathways by which AQPl acquires its mature six-
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spanning topology in cells. In Xenopus oocytes, biogenesis proceeds from a four-spanning 

intermediate into a mature six-spanning topology during late stages of synthesis (77,78,81). 

The hallmark of this unusual folding pathway is that TM3 is initially oriented in an NexofCcyt 

topology and must rotate 180° to acquire its proper topology and position TM2 and TM4 

within the membrane. In contrast, a recent study failed to observe this intermediate TM3 

orientation and concluded that mammalian cells utilize a fundamentally different biogenesis 

mechanism in which the mature AQP1 topology is established directly by cotranslational events 

(160). The current study now reconciles these differences by directly comparing early AQP1 

biogenesis events in oocytes and mammalian cells using systematically truncated fusion 

proteins and two different C-terminal reporter domains. 

Our results demonstrate a high degree of conservation in the unique features of AQP1 

topogenesis that was independent of the fusion site, reporter domain, topological assay or 

expression system utilized. Specifically, as the second TM segment emerges from the 

ribosome, it failed to efficiently terminate translocation of its C-terminus flanking residues in at 

least 50% of nascent polypeptides in both Xenopus oocytes and mammalian cells. As a result, 

TM3 subsequently functions as a stop transfer sequence to adopt an NexofCcyt topology in 

which its C-terminus is transiently oriented in the cytosol. This sequence of events gives rise to 

an intermediate topological state in which only two of the first three AQP1 TM segments 

synthesized, cotranslationally acquired a membrane-spanning conformation (Shown in Figure 

1). 

A second finding was that several AQP1 topogenic events are not carried out with absolute 

fidelity in either expression system. Fusion proteins containing only the first three AQP1 TM 

segments generated two different topological isoforms, a major 2-spanning isoform in which 

TM3 C-terminal flanking residues resided in the cytosol, and a minor 3-spanning isoform with 

the TM3 C-terminus in the ER lumen. Pulse chase metabolic labeling studies carried out in the 
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presence and absence of MG 132 further demonstrated that these isoforms are differentially 

recognized and degraded by the proteasome-mediated ERAD pathway. Selective degradation 

of the 2-spanning isoform therefore resulted in a progressive increase in the percentage of 

remaining polypeptides in the 3-spanning (mature) topology. This phenomenon was 

particularly apparent in HEK cells where very short pulse labeling times were required to 

confirm the presence of the predominant 2-spanning isoform. Its very short half-life of <25 

min explains why the Turner group was unable to observe this species at steady state and after a 

1 hr cyclohexamide chase (160). At these longer time points we too found that the 3-spanning 

isoform predominated. While selective degradation also occurred in oocytes, the time scale of 

degradation (T 112 > 15 h) was much slower relative to the time course of the experiments. Thus 

the 2-spanning isoform was easily observed. Importantly, our results are completely 

compatible with data reported by the Turner group, however we have reached different 

conclusions. The previous discrepancies in AQP1 biogenesis are primarily due to the relative 

rates of protein synthesis and degradation in oocytes versus mammalian cells rather than 

fundamentally different behavior of ER translocation machinery. 

The findings that truncated fusion proteins can give rise to multiple topological isoforms has 

several important implications for our understanding of how polytopic protein topology is 

cotranslationally established by the ribosome translocon complex (RTC). Given the rate of 

protein synthesis (~5 aa /sec) in mammalian cells (224) and the length of the ribosome exit 

tunnel (100 A) (225), TM segments and short connecting loops would normally reside within 

the ribosome only for a few seconds before entering the translocon. Cotranslational 

topogenesis of small polytopic proteins such as AQP1 therefore requires that the translocon 

rapidly recognize topogenic determinants and dynamically direct regions of peptide into their 

proper cellular compartment (90). In the case of AQP1 fusion proteins, the C-terminal reporter 

should theoretically reflect the last triage decision of the translocon and follow the peptide loop 

into its appropriate compartment. This assumption serves as the basis for a large number of 
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studies in which C-terminal reporters have been used to determine protein topology 

(163,168,184,214,226). Our findings that different reporter domains and AQP1 truncation sites 

yield similar topological outcomes in very different cell types support the argument that choice 

of the translocation pathway (either cytosolic or lumenal) is strongly determined by TM 

segments present within the RTC. At the same time, however, certain truncations appear to 

provide the reporter access to both the ER lumen and cytosol (albeit at different efficiencies) as 

evidenced by the different topologic isoforms generated. This indicates that the translocation 

pathway is not gated absolutely in one direction or another at all time points during AQP1 

synthesis. Rather, the translocon appears to provide a certain degree of ambiguity in which TM 

segments and their flanking residues may transiently sample multiple topological 

configurations as the nascent chain extends from the ribosome. This finding is consistent with 

recent studies demonstrating that N-terminal signal sequences can regulate cytosolic 

accessibility of translocating proteins (and hence translocation efficiency) in a graded manner 

(72,227 ,228). 

The substitution of large reporters such as the prolactin domain or the 13-subunit, in lieu of the 

native TM segments, likely forces the translocon to make a decision as to where the polypeptide 

should be directed based on the topogenic information available up to the particular truncation 

site. We do not yet know how flexible the environment is within the ribosome-translocon 

complex nor how long a TM segment may be allowed to sample different topological spaces. 

However, in the case of AQP1, the relative proportion of different isoforms may be viewed as 

reflecting relative accessibility of the reporter to ER and cytosolic compartments. Such 

flexibility in translocon function might also facilitate proper re-orientation of TM3 at later 

stages of synthesis as more folding information is provided. This is precisely what we 

observed using small epitope tags inserted into the TM2-3 and TM3-4 peptide loops. TM3 

topology gradually changed into its mature orientation as additional TM segments and C­

terminal folding information were synthesized (81 ,82). Similar results have been reported for 
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other polytopic proteins in which TM segment reorientation may take place within the 

translocon (217). 

One question that arises from these studies is why do different AQPl topological isoforms 

exhibit such markedly different stablities. Because exposed hydrophobic patches can act as 

signals for ERAD (200), the 2-spanning isoform could be degraded because TM2 is exposed 

to the ER lumen (See Figure lA). In contrast, topology of the 3-spanning isoform would more 

closely resemble the mature protein. The ERAD machinery could therefore provide an efficient 

mechanism for removing proteins that exhibit abnormal topology in the ER membrane. 

Alternatively, stability may also be influenced by the reporter. Both reporters used here are 

normally expressed in ER lumen and localization to the cytosol might therefore disrupt specific 

folding requirements such as disulfide bond formation (prolactin) or glycosylation (~-subunit). 

While we do not know the extent to which this occurs, the choice of a seemingly "inert" 

reporter may have significant implications when topologic studies are carried out in intact cells 

with active ERAD pathways, and particularly when the reporter resides in bothER and cytosolic 

compartments. Our results demonstrate the importance of considering protein stability when 

performing topology studies with truncated intermediates because failure to examine topology 

at early time-points can lead to erroneous conclusions when multiple isoforms are generated. 

This study provides the first direct comparison between the early biogenesis mechanisms of 

oocytes and mammalian cells using a unique membrane protein substrate. Because oocytes 

provide a useful and convenient system for heterologous expression of many biologically 

important proteins (229), it is reassuring that early biogenesis events concur with those in 

mammalian cells. Indeed, when differences in protein stability are taken into account, the 

translocation efficiency and relative proportion of different isoforms for all three truncations 

examined here were in remarkably good agreement. This observation held even when different 

reporters, reporter readouts and fusion sites were compared. In addition, the topology of all 
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other regions of AQP1 was essentially identical (78,160). Our findings are therefore consistent 

with the strong conservation of ER translocation machinery ( 62,230,231) and indicate that the 

unusual biogenesis mechanism utilized by AQP1 reflects a well conserved pathway of protein 

folding. 

In this regard, we previously established that in Xenopus oocytes, once AQP1 synthesis is 

completed, and all 6 TM segments are present, the protein acquires a stable conformation due to 

reorientation of TMs2-4 and repositioning of the TM2-3 and TM3-4 connecting loops (23 ). 

Selective degradation is therefore observed only for truncated fusion proteins that lack C­

terminal folding information and are therefore trapped in an unstable topology. Importantly, we 

also found this to be the case in mammalian cells. In contrast to constructs containing only 3 

TMs where the major isoform was degraded with aT 112 of ~25 min, full length AQP1 protein 

was remarkably stable. Yet our data show that TM3 was cotranslationally directed into the 

unstable NexJCcyt topology in 70% of these polypeptides. Thus, generation of stable AQP1 

protein in mammalian cells, as in oocytes, is not achieved by selective degradation of an 

unstable four-spanning intermediate. Instead, synthesis of C-terminal residues is able to confer 

stability on a protein region that is initially inserted into the membrane in an incorrect 

conformation. Given that mammalian cells and oocytes synthesize and process AQP1 into 

functional water channels with six TM segments (5,232,233), and that AQP1 TM segments are 

cotranslationally directed into the same immature topology in both systems, it seems reasonable 

to speculate that mammalian cells also have the capacity to complete AQP1 folding by 

facilitating topological reorientation of TMs 2-4 in the ER. 

We should point out, however, that the purpose of our study was primarily to compare 

cotranslational translocation events and does not address the mechanism(s) by which AQP1 

ultimately acquires its mature six-spanning topology. Specifically, our studies do not address 

the efficiency of late trafficking events, but rather they examine stability of protein during early 
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maturation in the ER which is where the 6-spanning topology is initially achieved (23). In this 

regard, our results contrast with previous findings by Leitch et al. that showed AQPI 

degradation can be decreased by MG 132 (and hypertonic stress) over longer time intervals 

(234). Additional work is therefore required to determine conclusively if and how AQPI 

reorientation takes place in mammalian cells. The extent to which this unusual AQP biogenesis 

pathway is utilized by other proteins and the mechanism by which this process is carried out 

within the RTC also represent important future challenges for unraveling the complex process 

of membrane protein biogenesis. 
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Immature ~v1:ature 

No Maturation 

Figure 2-1: Two models for AQPl biogenesis. Topology of reporter fusion sites used 

for experiments in Xenopus oocytes (A) and HEK-293 cells (B) are indicated. Fusion 

sites in which topology differs between these systems are shown in black are indicated in 

black while fusion sites with the same topology are shown in gray. In oocytes AQPl is 

initially synthesized as a 4-transmembrane spanning intermediate that is converted into the 

mature 6-spanning form. In HEK-293 mammalian cell reporter topology did not identify 

the immature topology (160). 
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Figure 2-2: Location of fusion sites does not affect early AQPl biogenesis events in 

oocytes. (A) Diagram of AQPl fusion proteins showing TM segments (black rectangles) 

and prolactin-derived (P) reporter (Gray rectangles). (B) Constructs in A were expressed 

in oocytes and reporter topology was determined by Proteinase K (PK) digestion in the 

presence or absence of TX-100. Shown is a representative autoradiogram of prolactin 

reactive immunoprecipitated products. Percent of reporter protected from PK digestion was 

normalized to a control secretory protein. Topology of fusion sites are illustrated under 

autoradiogram. Data show average of 3 or more experiments +1-SEM. 
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Figure 2-3: Differential stability of biogenesis isoforms truncated following TM3: 

(A) Autoradiogram of AQPl truncated in the TM3-4loop and fused to the P reporter at 

residues T120 and L139 as indicated. Constructs were expressed in oocytes for the times 

indicated and homogenates were digested with PK in presence or absence ofTX-100. B. 

Results from A were quantitated and the % of reporter protected at each time point was 

plotted. Results show averaged values from three independent experiments+/- SEM. C. 

Model of isoform profile. At early points the 2-spanning isoform predominates while the 

proportion of 3-spanning isoform increases "'3 fold over the time course of the experiment. 
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Figure 2-4: 2 hr labeling of HEK-293 cells show results consistent with previous 

studies. (A) Diagram of chimeric proteins transfected into HEK-293 cells. Open circles 

represent N-linked glycosylation sites on AQPl and ~-subunit. EGFP and ~-subunit 

domains and AQPl TM segments are indicated. (B) Autoradiogram of 2-hr pulse labeled 

HEK-293 cells immunoprecipitated with GFP antisera prior to and after PNGase F 

digestion. Downward arrows indicate glycosylated proteins as documented by PNGase F 

digestion. Upward arrows indicate nonglycosylated protein. Percent glycosylation of 

constructs is indicated under autoradiogram. (C) Diagram of the topological isoforms 

deduced from the T120 and L139 chimeric proteins. 
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Figure 2-5: Differential stability of AQPl isoforms in HEK-293 cells. (A) Cells 

were transfected with constructs (Figure4), labeled with 35S-methionine for 15 min, chased 

with complete media for the indicated times, lysed and subjected to SDS-PAGE and 

autoradiography. Nonglycosylated (-g) and glycosylated (+g) proteins are indicated. (B) 

At T=O, "'50% of protein was recovered as a 50 kD nonglycosylated band which rapidly 

disappeared during the chase period. At later time-points the 3-spanning (glycosylated) 

protein predominated. Half-lives of the 2-spanning (nonglycosylated) and 3-spanning 

(glycosylated) isoforms were approximately 25 minutes and > 120 min, respectively. Data 

shows average of 3 or more experiments +1-SEM. 
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Figure 2-6: MG 132 blocks selective degradation of non-glycosylated isoforms. (A, 

C). EGFP ... ~-subunit chimeras truncations 120 and 139 (see Figure 4) were expressed in 

HEK-293 cells. Pulse chase labeling was performed in the presence of 20 mM MG 132 as 

described in Methods. Glycosylated (+g) and nonglycosylated (-g) proteins are indicated. 

(B, D) Percent of protein in the 3-spanning (glycosylated) topology was quantitated for 

experiments carried out with (dark gray) or without (light gray) MG 132. Data shows 

average of 3 experiments +1-SEM. 
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Figure 2-7: Full-length AQPl is stable in mammalian cells. Full-length AQPl was 

expressed in HEK-293 cells. Pulse-chase labeling was performed in the absence or 

presence of 20 ~-tM MG 132 as described in Methods. Proteins glycosylated (+g) or 

nonglycoslated (-g) at N42 are indicated. 
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1. Abstract 

The topology of most polytopic membrane proteins is established cotranslationally at the 

ER membrane. The AQPI water channel however, is initially synthesized as a 4-spanning 

intermediate that undergos a reorientation of three internal TMs (TMs2-4) to acquire its 

mature 6-spanning structure. In contrast, a related protein, AQP4, acquires its topology 

cotranslationally as each TM emerges for the ribosome. Previous work has shown that this 

is due, in part, to two unique polar residues, Asn49 and K51, at theN-terminus ofTM2 that 

prevents it from initially spanning the membrane, but allows it to pass into the ER lumen. 

Here we investigate the role of these residues in the early events of AQPI maturation and 

function. We show that both Asn49 and Lys51 form hydrogen bonds with an Asp residue 

in TM5 (Asp185) that is critical for AQPI folding and function. This creates four-fold 

symmetry in the AQPI tetramer in which the interaction between Asn49 and Asp185 is 

intramolecular and required for correct AQPI monomer folding. In contrast, Lys51 and 

Asp185 form hydrogen bonds between monomers and thereby stabilize the AQPI tetramer. 

Functional studies of AQPI mutants indicate that Asn49 and to a lesser extent Lys51 are 

needed to compensate for the presence of Asp185, in TM5 which in tum is responsible for 

AQPI 's unique biogenesis mechanism. These data thus provide the structural and 

functional basis for AQPI 's unique biogenesis mechanism and identify a novel structural 

motif involved in AQP tetramerization. 
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2. Introduction 

Aquaporin (AQP) tetramers passively transport water and/or glycerol across cellular 

membranes. Each monomer forms a functional channel that exhibits a conserved 6-

spanning structure arranged in an inverted hourglass with pseudo-twofold symmetry. 

Thirteen human aquaporins (AQPO-AQP12) have been identified and are expressed in 

diverse tissue types including lens fiber cells, kidney tubules, intestine, brain, skeletal 

muscles, liver and red and white blood cells (2). AQP function has been most extensively 

studied in the kidney where it plays a key role in water reabsorption. AQP1 is highly 

expressed in the proximal tubule and descending loop of Henle (3,171) and is responsible 

for reabsorbing "'70% of glomerular filtrate. AQP1-null humans as well as mice have a 

mild defect in urinary concentration as manifest by decreased tolerance to fluid withdrawal. 

Mice also exhibit additional phenoptypes including reduced tumor growth and injury 

induced swelling of the cornea (2,9). 

Mammalian AQPs exhibit a high degree of homology and a conserved structure. Recent 

crystal structures have defined the specific mechanism responsible for water and/or glycerol 

selectivity and have confirmed that each monomer forms a water conducting channel (2,95). 

AQPs fold and assemble in the ER and are trafficked through the cell as homotetramers. 

Despite many advances in AQP biology, little is known about how AQPs achieve their 

complex architecture in cells. In general folding of polytopic proteins such as AQPs can be 

broken into three stages, orientation of TMs into the membrane, helical packing/monomer 

folding, and oligomerization. 

Early topogenesis events of two highly homologous AQPs (AQP1 and AQP4) exhibit striking 

differences. AQP4 topogenesis follows a relatively simple model of polytopic protein 

biogenesis (76,77) in which each TM segment acts alternatively as either a signal anchor (TM1, 
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TM3 and TM5) or stop transfer (TM2, TM4 and TM6). For example, TM1 targets the 

ribosome nascent chain complex to the ER, gates open the Sec61 translocon, and initiates 

translocation of the first extracellular protein loop. TM2 then functions as a stop transfer 

sequence to close the translocon and direct the next intracellular loop into the cytosol. TM3 

acts as a signal anchor once again reinitiating translocation and so on. In this manner topology 

of AQP4 is established cotranslationally as the nascent polypeptide exits the ribosome. In 

contrast, studies of AQP1 topogenesis have shown that while TM1 acts as an efficient signal 

anchor sequence; TM2 does not terminate translocation but rather is transiently translocated 

into the ER lumen. As a result TM3 acts as a stop transfer and initially spans the membrane in 

a reverse orientation from that of the mature protein. TM4 is unable to reinitiate translocation 

and remains in the cytosol. Thus AQP1 is initially synthesized as a 4-spanning protein that 

must undergo an internal reorientation ofTMs2-4 to establish a mature topology. Additionally, 

these studies identified two residues Asn49 and Lys51 in TM2 that when substituted for the 

corresponding AQP4 residues (N49M/K51L) converted TM2 into an efficient stop transfer but 

destroyed water channel function (77). 

While few studies have examined the details of AQP tetramerization it is generally assumed 

that tetramers form in the ER membrane after the polypeptide is released from the 

translocon but before transport to the Golgi. AQPs traffic as homotetramers, yet the 

structural determinants for self-association remain undefined (109,110). Some evidence 

suggests that the strength of the intermolecular associations between AQP1monomers may 

be linked to substrate specificity (glycerol vs. water) (113). These studies showed that 

unlike AQP, GlpF intermolecular interactions are sensitive to nonionic detergent (111,112), 

and interestingly AQP1 can be converted from a water to glycerol channel by making the 

mutations Y222P/W223L (95). These mutations also lead to weakened intermolecular 

interactions, which resemble those of the glycerol channel, GlpF. Residues in AQP loops B 

and E have been implicated in the oligomerization process. In fact two residues in AQP1, 
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A 73 and C189, are necessary for both water conduction and oligomerization (103). 

Intriguingly, these residues are located in loops Band E, which fold inward to form the 

pore, and therefore can not be involved in direct interactions between subunits, but more 

likely have an indirect effect on the overall channel structure. These data suggest that 

intramolecular interactions that promote pore folding are also required for tetramerization. 

To further define the mechanisms of AQP1 topogenesis, monomer folding, and 

oligomerization we investigated the role two unique residues, Asn49 and Lys51, play in 

these processes. We showed that Asn49 and Lys51 exhibit synergistic effects in disrupting 

TM2 stop transfer activity. In addition, both residues are required to form hydrogen bonds 

with a unique Aspartate at position 185 in TMS. Interactions between Asn49 and Asp185 

are intramolecular and are needed to stabilize the monomer while Lys51 and Asp185 form 

hydrogen bonds between monomers that stabilize the tetrameric structure. Thus we define a 

structural relationship responsible for functional complementation that explains the unique 

biogenesis of AQPl. Using AQP1 as a model protein, we show that a complex arrangement 

of hydrogen bonds between Asn49, Lys51 and Asp185 affect protein folding at three 

different levels: early topogenesis, monomer folding, and tetramer association. 

3. Materials and Methods 

eDNA Construction. Plasmid pSP64.CHIP28 (AQP1) (78) or pSP64.MIWC (AQP4) 

were used as the templates for PCR amplifications to generate AQP1 and AQP4 derived 

constructs (76,78). The myc-tagged AQP1 constructs were constructed as previously 

described (81) with the 10 residue myc epitope (EQKLISEEDL) inserted at position T120 

in the AQP1 sequence. Fusion proteins containing the C-terminal prolactin translocation 

reporter were generated by amplifying wild type or mutant AQP coding sequences using a 

sense oligonucleotide (SP6 promoter) and antisense oligonucleotides encoding a BstEII 
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restriction site at AQPl codon Pro77 or AQP4 codon Gly72. Antisense oligonucleotides 

were identical to those described previously (76,78). PCR fragments were digested with 

Ncol and BstEII (AQPl constructs) or Hindlll and BstEII (AQP4 constructs) and ligated 

5' to a translocation reporter (P), which encodes 142 C-terminal residues from the secretory 

protein bovine prolactin. This reporter contains no intrinisic topogenic information and 

faithfully follows topogenic determinants (78,184). The AQPl (N49M/K51L, 

N49M/K51LID185N, N49M, K51L, D185N, K51D, and K51D/D185N) and AQP4 

(M48N/L50K, N184D, and M48N/L50K/N184D) mutants were generated with site­

directed mutagenesis (PCR overlap extension; (183)). All cloned fragments were verified 

by DNA sequencing. 

In Vitro Transcription/Translation. eDNA was transcribed in vitro using SP6 RNA 

polymerase (New England Biolabs, Beverly, MA) using 2 }lg of plasmid DNA per a 10 Jll 

reaction volume at 40 oc for 1 hr as previously described (78). Aliquots were used 

immediately or flash frozen with liquid nitrogen and stored at -85 oc. For in vitro 

translation RRL was prepared from New Zealand White Rabbits as described (235,236). 

Translation was performed at 25 oc for 1 hr in reactions containing 20% transcript mixture, 

40% nucleased rabbit lysate, 1 mM ATP, 1 mM GTP, 12 mM creatine phosphate, 40 JlM 

each of 19 essential amino acids except methionine, 1 flCi/]tl ofTrans35S-label (ICN 

Pharmaceuticals, Irvine, CA), 40 }lglml creatine kinase, 0.2 U/]tl RNAse inhibitor (Promega, 

Madison, WI), 10 mM Tris-Cl pH=7.5, 100 mM KOAc, and 2mM MgCl2 • Canine 

pancreas microsomal membranes, prepared as described (237) were added at the start of 

translation (final concentration, 7.0 00280). 

Xenopus laevis Expression. Stage VI oocytes were harvested from Xenopus laevis frogs as 

described (238). 2 Jll of mRNA transcribed as described above was mixed with 50 ]tCi of 

[
35S] methionine (0.5 Jll of a lOX concentrated Trans 35S-label; ICN Pharmaceuticals, 

Irvine, CA), and 50 nl was injected into each stage VI X. laevis oocytes on an ice-cold stage. 

79 



The oocytes were then incubated at 18 oc in MBSH (88 mM NaCl, 1 mM KCl, 24 mM 

NaHC03 , 0.82 mM MgS04 , 0.33 mM Ca(N03 ) 2 , 0.41 mM CaC12 , 10 mM HEPES 

pH=7.4, 50 ]lglml gentamycin, 100 units/ml penicillin, and 100 ]lg!ml streptomycin 

sulfate). Oocyte microsome membranes were isolated by pelleting through 0.5 M sucrose 

in Buffer A (20 mM Tris-Cl pH=7.5, 5 mM MgC12 ) at 180,000 x g for 10 min as described 

(236,239) onto a 1.8 M sucrose cushion with the same salt concentrations for 15 min at 

180,000 x g. 100 Jll of the interface between the sucrose layers was taken and mixed with 

three volumes of 20 mM Tris-Cl pH=7.5, 5 mM MgC12 and centrifuged for 10 min at 

180,000 x g. The resulting pellet was solubilized as described below. 

Protease Protection Assay. Oocytes were injected as described above, incubated at 18 oc 

for 3 hr, and homogenized by hand in 3 volumes of 0.25 M sucrose, 50 mM KAc, 5 mM 

MgAc2 , 1.0 mM dithiothreitol, 50 mM Tris-Cl, pH=7.5. The homogenates were divided 

into three 10 Jll aliquots on ice. Proteinase K (Roche Applied Science, Indianapolis, IN) was 

added (final concentration 0.2 mg/ml) in the presence or absence of 1% Triton X-100. The 

reactions were incubated on ice for 1 hr and then mixed with phenylmethylsufonyl fluoride 

(10 mM) and boiled in 10 volumes of 1% SDS, 0.1M Tris-HCl pH=8.0 for 5 min to stop 

the reaction. Samples were then diluted in 10 volumes Buffer A (100 mM Tris-Cl pH=8.0, 

100 mM NaCl, 1% Triton-X100, 2 mM EDTA), incubate at 4 oc for 15 min and centrifuged 

at 16,000 x g for 10 min at 4 octo remove insoluble debris. Samples were then 

immunoprecipitated as described. Efficiency of the assay was regularly assessed using a 

known secretory control protein and was >80%. 

Aquaporin Functional Assay-Oocyte Permeability. cRNA was transcribed from linearized 

plasmids using SP6 polymerase as described above. 2 Jll of AQP or mock cRNA was 

mixed with 0.5 Jll secretory alkaline phosphatase (SEAP) cRNA and injected into oocytes 

as described above. Oocytes were incubated at 18 oc for 24 hr and then transferred to 
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individual 96-well dishes with 150 pl MBSH and incubated for another 24 h. Alkaline 

phosphatase assays were performed for each oocyte to determine cells functionally 

expressing protein. As described by Tate et al.(240) briefly, 100 pl of MBSH from each 

oocyte was mixed with 100 pl SEAP assay buffer( 1M diethanolamine pH=9.8, 0.5 mM 

MgC12 , 0.02 mM ZnS04 , and 20 mM L-homoarginine) and 50pl p-nitrophenyl phosphate 

(Bio-Rad, Hercules, CA) in a 96-well plate and incubated at 37 oc for 1-2 hr. Plates were 

read at 405 nm, and oocytes giving at least two times background absorbance were chosen 

for functional assays. 

Oocyte swelling was assayed in response to a 10-fold dilution of extracellular MBSH 

buffer with distilled water. Oocyte volume was measure in 1-s intervals by quantitative 

imaging and Pf was calculated from the initial swelling rate (first 30-s) (dV N 0 )/dt by the 

relation P r [d(V N 0 )/dt]/[(SN 0)V w(Osmout-Oosminl, where SN 0=50cm-1, V w=18cm3 /mol, 

and Osmout-Osmin= 180 mOsm. 4-7 oocytes were analyzed per experiment for each 

construct. Typical experiment is shown. 

Sucrose Gradient Centrifugation. Microsomal pellets from oocyte preparations were 

solubilized in 20 mM Tris-Cl pH=7.4 containing either 1% Triton-XIOO or 1% SDS by 

repeated pi petting, samples were then left at 4 °C for 15 min this process was repeated once 

and then insoluble debris was removed by centrifugation for 10 min at 16,000 x g. Velocity 

sedimentation on a sucrose gradient was performed essentially as described by Lagree 

(109). 2-20% linear sucrose gradients were prepared from 2 and 20% sucrose stocks in 20 

mM Tris-Cl pH=7.4 containing 0.1% Triton-XIOO or 0.1% SDS. Solubilized proteins 

were loaded on top of gradient and centrifuged at 100,000 x g for 14 hrs at 4 oc. 14 equal 

fractions were collected from each gradient and analyzed by SDS-PAGE following 

immunoprecipitation. 
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Immunoprecipitation. For immunoprecipitation, anti-prolactin antiserum (ICN 

Biomedicals, Costa Mesa, CA), mAb myc-9E19 (181) (mouse ascites), or polyclonal rabbit 

anti-AQP1 antisera raised against purified AQP1 protein (generously provided by A. 

Verkman, UCSF, San Francisco, CA) at 1:1000 dilution was added to proteins solubilized 

in Buffer A. For native immunoprecipitations membranes solubilized in 1% TX-100 as 

described above were directly added to Buffer A. For denaturing IPs proteins were initially 

denatured in 1% SDS prior to dilution with Buffer A. 5.0 Jll of protein A-Affigel (Bio-Rad, 

Richmond, CA) was added and samples were rotated at 4 °C for~ 10 h before washing 3 

times with buffer A and twice with 0.1 M NaCl, 0.1 M Tris-Cl pH=8.0. SDS loading 

buffer was added to remove proteins from beads followed by SDS-PAGE analysis. 

PNGaseF Digestion. Beads from immunoprecipitations were resuspended after the final 

wash in 15 Jll 0.1 M Tris-Cl pH=7.5 and 0.3 Jll of PNGase F (New England Biolabs, 

Beverly, MA), and incubated at 37 oc for 3 hr. The samples were then analyzed by SDS­

PAGE as described above. 

Autoradiography and Quantitation. SDS-PAGE gels were analyzed using EN3HANCE 

(Perkin Elmer Life Sciences, Wellesley, MA) fluorography. The intensity of recovered 

bands was quantitated using a Bio-Rad personal Molecular Phosphorlmager FX (Kodak 

screens, Quantitiy-1 software). 

4. Results 

Relative role of polar TM2 residues in AQP topogenesis and junction. AQP1 and AQP4 

acquire their mature 6-spanning topology by fundamentally different mechanisms (76,78). 

Topology of AQP4 is established cotranslationally by locally encoded topogenic 

information as each TM exits from the ribosome. In contrast, AQP1 is initially synthesized 

as a 4-spanning intermediate and undergoes an internal reorientation of TMs 2-4 to achieve 

its mature six-spanning structure (Figure1C). Using sequentially truncated AQP 
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polypeptides and a well characterized C-terminal translocation reporter assay, we previously 

showed that the topogenic activity of TM2 plays a key role in AQP folding pathways. TM2 

efficiently terminates nascent chain translocation and cotranslationally spans the ER 

membrane in the case of AQP4, however AQP1-TM2 transiently passes through the 

translocon and initially resides in the ER lumen (Figure 2B, C). This latter behavior 

requires AQP1-TM2 to be inserted into the membrane at a late stage of synthesis (i.e. 

during or after synthesis ofTMS 4-6) via cooperative interactions between AQPI N-and 

C-terminal halves. 

A comparison of sequences from all 13 mammalian aquaporins revealed high homology 

within the TM2 segment with the notable exception of two N-terminal polar residues 

(Asn49 and Lys51) that were unique to AQPI (Figure 2A). Protease protection 

experiments further revealed that replacing these two residues with corresponding 

hydrophobic residues from AQP4 (Met and Leu, respectively) converted AQP1-TM2 into 

an efficient stop transfer sequence such that TM2 spanned the membrane in a type I 

topology with its C-terminus (and reporter) in the cytosol (Figure 2B, lanes 1-6 and (77)). 

However, the resulting mutant AQPI protein, N49M/K51L, failed to generate functional 

water channels (Figure 3C and (77)) suggesting that these polar residues are involved both 

in the early stages of topogenesis and subsequent aspects of AQPI folding and/or function. 

To understand the interrelationship between early AQP folding events in the ER membrane 

and acquisition of water channel function, we therefore examined the contribution of these 

unique residues, Asn49and K51, towards cotranslational topogenesis, monomer formation, 

tetramerization and water channel function. 

We initially suspected that the charged Lys residue at position 51 was primarily responsible 

for disrupting TM2 stop transfer activity. However, when N49M and K51L mutations were 

introduced independently, neither polar residue significantly changed TM2 topology 
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(Figure 2B, lanes 7-12). Reversing the charge at residue 51 from Lys to Asp also had no 

effect on TM2 topology (Figure 2B, lanes 13-15) even though this significantly changed the 

net cytosolic charge flanking TM2 from +2 to +4 which would be predicted to favor a type 

I topology according to the positive in rule (161). Thus both Asn49 and Lys51 residues 

contribute synergistically to the unexpected topogenic behavior of TM2 and hence play a 

primary role the unusual folding pathway of AQPl. Consistent with this, introducing the 

complementary insertion of Asn and Lys into AQP4 (M48N/L50K) disrupted TM2 stop 

transfer activity and reoriented TM2 C-terminus flanking residues from a cytosolic to a 

predominantly lumenal orientation (Figure 2C, lanes 1-6). Although both Asn and Lys are 

unique to AQPl (Figure 2A), most AQPs have at least one polar residue at the position that 

corresponds to K51. Only AQP7 (Tyr) and AQP12 (Asp) have polar residues that 

correspond to N49. It is likely therefore, that the AQPl folding pathway is relatively unique 

among the human AQP family. Interestingly, GlpF has a polar residue (Gln) similar to 

AQPl suggesting that it too may have an unusual topogenesis mechanism. 

Interactions between TM2 and TM5 are important for AQP 1 function. A remarkable 

feature of AQPl folding is that information within the C-terminal half of the protein is 

required to reorient the N-terminal half and properly position TMs 2, 3, and 4 within the 

plane ofthe ER membrane. Because Asn49 and Lys51 are highly polar, unique among the 

aquaporin family, and not directly involved in the water conduction pathway, we 

hypothesized that this reorientation might involve ionic or polar interactions between TM2 

and specific residues in the C-terminal half of AQPl. The AQPl crystal structure indicates 

that TM2 makes extensive physical contacts with TM5 such that its N-terminus is 

juxtaposed against the C-terminus of TM5 (Figure 1). Further, comparison of mammalian 

AQP sequences revealed a unique acidic residue in AQPl, Asp185, that was a prime 

candidate for such an interaction (Figure 3A). We therefore examined the reciprocal role of 

AQP1-TM2 and TM5 polar residues in generating functional water channels in 
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microinjected Xenopus oocytes by replacing residues in AQPI with corresponding residues 

fromAQP4. 

As previously shown, oocytes expressing AQPI N49M/K51L completely lacked water 

channel activity (Figure 3B). However, the K51L mutation alone had no effect on AQPI 

function, and N49M reduced overall activity by only "'50%. Thus as was observed for 

topology, these residues also exhibit synergistic effects on AQPl function. Remarkably, 

converting Asp185 to Asn (D185N) had no independent effect on AQPI function, but 

completely restored function ofthe N49M/K51L mutant (Figure 3B). These results thus 

establish a functional interaction between N-and C-terminal halves of AQPI that is 

localized to specific regions of TMs 2 and 5. It is unlikely that a simple salt bridge between 

these residues is responsible for functional complementation, because exchanging residues 

Lys51 and Asp185 (K51D/D185K) did not restore AQPI activity (even though K51D 

completely disrupted AQPI function (Figure 3B)). Rather, the functional effects observed 

for each individual mutation N49M, K51L and D185N strongly suggest that acquisition of 

AQPI function involves a complex tertiary interaction between all three residues. 

To test whether residues Asn49, Lys51 and Asp185 play a general role in AQP biology, we 

examined the functional effects of introducing these residues into the corresponding 

locations in AQP4. In striking contrast to AQPI, introducing polar residues into TM2 

(M48N/L50K) had no effect on AQP4 function (Figure 3C). However, the N184D 

mutation reduced function by nearly 60% and activity was fully complemented by 

M48N/L50K mutations. These results indicate that the structure/function relationship 

between TM2 and TM5 reflects conserved architecture among different AQPs. In addition, 

they suggest that the primary requirement for polar residues in AQPI TM2 (N49/K51) is to 

compensate for Asp185 at the C-terminus of TM5. Both proteins tolerate Asn at this 

location regardless of TM2 residues. In addition, both proteins require polar TM2 residues 
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for full function when Asp is present. Thus, in order to retain AQPl function, Asp185 

requires the presence of Asn49 and Lys51 in TM2, which in turn disrupts TM2 stop 

transfer activity, force TM2 to transiently enter the ER lumen during synthesis, and require 

that AQPl utilize its characteristic complex folding pathway. 

Our results identify a novel and complex interaction that physically couples residues Asn49, 

Lys51 and Asp185 within the primary AQPl sequence. The structural mechanism for this 

functional complementation is elegantly illustrated by the crystallographic structure shown 

in Figure 4. Asn49 forms a hydrogen bond with one carbonyl oxygen of Asp185 on 

adjacent TMs within the AQPl monomer (Figure 4A). In contrast, the £-amino group of 

Lys51 is precisely aligned with the second carbonyl oxygen of Asp185 on an adjacent 

monomer. Thus Asp185 forms two hydrogen bonds, one in "cis" with Asn49 and the 

other in "trans" with Lys51 across the tetrameric interface (Figure 4B-C). Our functional 

studies demonstrate that the hydrogen bond between Asn49 and Asp185 in AQPl (or 

corresponding Asn48 and Asp184 in AQP4) is fundamentally required for water channel 

activity, whereas the Lys51-Asp185 interaction is not (Figure 3). This suggests that the 

Asn49-Asp185 interaction may contribute to topological maturation of the AQPI monomer 

by stabilizing both polar residues at the membrane interface via hydrogen bonding. In 

contrast, the Lys51-Asp185 hydrogen bonds in between AQPI monomers should therefore 

be involved in stabilizing the tetrameric structure. It is interesting in this regard that TM2 

and TM5 are the shortest TMs in AQPI and exhibit extensive helical packing and relatively 

minor protein-lipid interactions. Thus the rotation of TM3 and orientation of TM2 and 

TM4 into their proper transmembrane topology may involve early helical packing needed to 

properly align the TM2 N-terminus and TM5 C-terminus. This model further predicts that 

failure to form TM2-TM5 hydrogen bonds within monomers should disrupt nascent 

tertiary structure, perhaps by trapping AQPl in a 4-spanning topology, and thus disrupt 

early stages of monomer folding. At the same time, failure to form hydrogen bonds 
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between Lys51 and Asp185 across the tetrameric interface should weaken quaternary 

interactions needed to stabilize AQP1 tetramers. 

N49MIK51Lfails to fold and is retained in a high molecular weight complex. To 

determine how N49M/K51L affect AQP1 function we tested whether misfolded monomers 

might be misprocessed. AQP1 proteins were expressed in oocytes and cellular membranes 

were solubilized and analyzed by sucrose gradient centrifugation (Figure 5). WT protein 

was recovered primarily in two peaks in fractions 7-11 in nondenaturing detergent (Figure 

SA) and as a single peak in fractions 5-6 in SDS (Figure SB). This pattern is consistent 

with the majority of AQPI forming stable tetramers. In contrast, the N49M/K51L mutant 

was almost entirely recovered in a very large complex that pelleted to the bottom of the 

gradient (Figure 5C). Thus the N49M/KI51L mutation has a major effect on AQP 

processing that is not solely limited to tetramerization. Rather it would appear that 

disruption of helical packing between TM2 and TM5 results in an entirely different 

processing pathway in which the immature form of AQPI is unable to fold properly and is 

not freely released into the lipid bilayer. The corrected (N49M/K51LID185N) protein 

migrates well out of the gradient in fractions 6-8 (Figure 5D) which is consistent with 

correction of the primary defect in monomer folding; yet most corrected protein was found 

in slightly lighter fractions than WT suggesting weaker tetrameric interactions. 

Interactions between TM2 and TM5 contribute to AQP 1 homo-oligomerization. Finally, 

we tested whether interactions between Lys51 and Asp185 affect homoligomerization by 

coimmunoprecipitating WT and myc-tagged AQPI constructs. For these studies we 

generated AQPI constructs that contained a myc epitope inserted at residue Thr120 in the 

second extracellular loop, which has previously been shown to be well tolerated and yield 

functional water channels with near wild type efficiency (81 ). As shown in Figure 6A and 

B ~50% of WT AQPI undergoes N-linked glycosylation and deglycosylated (PNGAseF 
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digested) myc-tagged protein migrates slightly larger than non-tagged protein. When 

expressed in oocytes and immunoprecipitated under nondenaturing conditions, WT AQPl 

was recovered with myc tagged protein (Figure 6B, lane 4 and 7), indicating that these 

proteins form detergent stable heterooligomers. In contrast, little untagged N49M/K51L 

mutant protein was recovered with the myc antisera consistent with sequestration of this 

protein by the ER biosynthetic machinery (Figure 6B lane 5). AQPl 

(N49M/K51LID185N) also exhibited inefficient coimmunoprecipitation under these 

conditions (Figure 6B, lane 6). These results predict that while the corrected protein retains 

function, its intermolecular associations are more labile than those of WT protein as 

manifest by both its smaller size on glycerol gradients as well as its failure to 

coimmunoprecipitate. The functional K51L mutant also should exhibit normal hydrogen 

bonding within the monomer (N49-D185), but lack the intermolecular K51-D185 bond 

involved in tetramer stability. Consistent with this, coimmunoprecipitation studies revealed 

minimal detergent stable association (Figure 6B, lane 8). Because corrected and K51L 

mutant proteins exhibit WT levels of water channel activity, we conclude that at least in 

oocytes intermolecular TM2-TM5 interactions are not required for later aspects of 

intracellular processing, trafficking and membrane insertion. 

5. Discussion 

Polytopic protein biogenesis is a multistep process that includes orientation and integration 

of TM segments (topogenesis), helical packing and monomer folding, and tetramerization. 

In this study we have identified a unique primary structural feature in AQPs that can impact 

all three stages of folding via an elaborate tripartite arrangement of polar residues at the 

membrane interface. We show that two residues from TM2 (Asn49 and Lys51) specifically 

interact with an aspartate in TM5 (Asp185) to form a symmetric tetrahedron of hydrogen 

bonds both within the AQPl monomer and across the tetrameric interface. Based on 

functional and folding data and crystal structure predictions, we propose that the "cis" 
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interaction between Asn49 and Asp185 within the monomer serves a primary role in the 

stability and folding of the monomer. In contrast the "trans" interaction between Lys51 

and Asp185 between adjacent monomers stabilizes the aquaporin tetramer. Importantly, 

both Asn49 and Lys51 contribute to TM2 topogenic activity and thus play a key role in 

cotranslational translocation events. As a result TM2 initially translocates into the ER 

lumen and must be positioned within the membrane via an internal reorientation ofTMs 2-4 

during and/or after completion of synthesis. Until now the forces that drive AQPl 

topological maturation have remained largely speculative, but our data suggest that they 

involve intramolecular hydrogen bonds and possibly neutralization of polar residues at the 

membrane interface in addition to helical packing within the bilayer. 

Most transmembrane segments in polytopic proteins are comprised of stretches of 

approximately 20 contiguous nonpolar amino acids (73). Polar residues, Asn49 and K51, 

thus decrease the length and hydrophobicity of AQPl TM2 as compared to AQP4. In 

addition, there is also a strong positional preference for amino acids within the TM segment. 

For example, both Lysine and Asparagine are better tolerated near the membrane interface 

than at the center of a TM segment and would be predicted to be --4 kcal/molless favorable 

than AQP4's Met and Leu in the N49M/K51L mutant (74,75). However, alone either 

Asn49 or Lys51 can disrupt TM2 stop transfer activity and individually N49M would be 

predicted to only change the t:lG of the TM segment by"'+ 1 kcal/ mol (74). Thus it is 

unlikely that this small energy difference would significantly alter TM2 topology. Similarly 

the distribution of flanking charges does not appear to determine TM2 initial topology 

because the K51D mutation had no effect. Thus it seems likely that initial TM2 topology is 

determined by how the TM interacts with the translocon and may involve specific structural 

aspects of the helix or timing of helix formation. 
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Association of transmembrane segments within a lipid bilayer is driven primarily by helical 

packing and the hydrophobic effect and stabilized by hydrogen bonds, van der Waals 

forces, and occasionally salt-bridges (73). In AQP1 hydrogen bonding between Asn49 and 

Asp185 plays an important role in early monomer folding. This interaction requires that 

TM2 span the membrane in order to align with TM5. When this bond fails to form (N49M 

mutant) the unpaired residue, Asp185 in TM5, results in reduced function and the protein 

remains trapped in a high molecular weight complex, indicating that folded AQP1 is readily 

released into the bilayer, whereas the misfolded (immature) protein is not. In some ways 

this behavior resembles the polytopic membrane protein CFfR (Cystic Fibrosis 

Transmembrane Conductance Regulator) that also remains associated withER biosynthetic 

machinery and is released in an ATP and cytosol sensitive fashion (154). In both cases the 

final stage of membrane integration appears to be influenced by the folded state of the 

nascent chain. In contrast to CFfR however, WT AQP1 is rapidly released at the 

completion of synthesis consistent with rapid and efficient folding. Based on the crystal 

structure we propose that the N49M/K51L mutation disrupts folding and maturation of the 

aquaporin channel and that this explains its lack of membrane release. Given that TM2 

initially resides in the ER lumen the N49-Asp185 interaction will occur only after 

topological reorientation is complete and both TM2 and TM5 span the membrane. This 

hydrogen bond would contribute 4-5 kcal/mole (73,241) stabilizing energy to the monomer. 

In addition the unpaired Asp185 residue could further destabilize TM5 in the absence of 

Asn49. Combined with the effect of the Asn49-Asp185 interactions likely contributes 

significantly to the reorientation needed for AQP1 maturation. An interesting future 

question is whether this reorientation occurs freely in the bilayer or within the environment 

of the translocon as has been proposed previously (89). 

Despite numerous structural and functional studies demonstrating that AQPs traffic and 

functions as a homotetramers (98-101) little is known regarding the factors that determine 
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tetrameric specificity and stability. In general, polytopic membrane proteins use a variety of 

strategies to promote oligomerization including N-terminal recognition domains (Kv (voltage 

gated potassium channels)), C-terminal CLZ domains (CNG channels) and GXXXG motifs 

within TM segments (GPCRs) (104,105). Kv channels contain 6-TMs and utilize both 

cytosolic Tl (tetramerization) domains as well as hydrophobic interactions between TMs to 

tetramerize (105,108). The Deutsch group demonstrated that Tl domains could interact even 

before the nascent chain is released from the ribosome (106) and that oligomerization and 

tertiary folding are tightly coupled events (107). Unlike the Kv channels, AQPs do not have 

obvious tetramerization domains and thus likely associate primarily through helical packing in 

the membrane. Evidence suggests that nonfunctional AQP channels do not tetramerize and that 

proper folding of the water conducting pore is necessary for oligomerization. Our data further 

indicate that for the N49M/K51L mutant, defective in folding, results in sequestration (of 

monomers) by the ER biosynthetic machinery (or other large complex) and that this may 

explain why tetramerization does not occur. Mathai and Agre showed that two residues 

important for water conduction, one in Loop B, A 73, and one in Loop E, C189, are also critical 

for AQPI oligomerization. Mutating either residue (A 73M or C189M) prevented 

oligomerization and blocked function possibly by disrupting intracellular trafficking (103). 

Similarly, a mutation in Loop E of AQPcic (S205D) blocked tetramerization as well. Other 

groups have also shown a strong correlation between loss of water channel function and 

inability to oligomerize (95). Importantly, these mutations are in Loop Band E, which fold into 

the interior of the protein and thus are not involved in direct contacts, but rather affect the overall 

protein architecture. In contrast the trio of residues investigated in this study reside at the 

monomer-monomer interface and are thus the first residues shown to directly contribute to 

tetramer stability. 

While early studies predicted that GlpF functioned as a monomer (109,110) cross-linking 

and cryoelectron microscopy confirmed the tetrameric structure. However GlpF tetramers 
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are sensitive to nonionic detergents (111,112). It has further been suggested that tetrameric 

stability may be influenced by transport selectivity (i.e. water vs. glycerol) (113), because 

mutations Y222P/W223L not only convert AQP1 to a glycerol conducting channel, but also 

alter its migration on a sucrose gradient to resemble GlpF (95). Interestingly, these weak 

detergent sensitive intermolecular interactions are similar to those we observe for the 

"corrected" AQP1 (N49M/K51LID185N) lacking the Lys51-Asp185 hydrogen bond. 

Thus, the hydrogen bond between Lys51 and Asp185 across the tetrameric interface 

stabilizes the AQP1 tetramer even though it is not obligatorily required for water channel 

function. Given the extensive hydrophobic interactions between AQP1 monomers it seems 

unlikely that K51L mutation completely disrupts tetramer formation. Rather we believe that 

the loss of hydrogen bonds (~4-5 kcal/mor1 per bond x 4= 16-20kcal/mol-1 for the 

tetramer) reduces energetics to a level similar to that of GlpF, thus allowing the protein to 

still traffic as a tetramer, but to disassociate upon TritonX-100 solubilization. 

We have identified a novel tetramerization motif for AQPl. Notably, a sequence comparison 

of other human AQPs revealed potential intermolecular hydrogen bonds at positions that 

correspond to Lys51and Asp185 in AQP1 (See Figure2A and 3A) for other AQPs. For 

example AQPO and AQP5 contain a Gln-Tyr pair that could potentially hydrogen bond if 

presented in the proper architecture. AQP2 has Gin-His and AQP11 has His-Ser both 

potential hydrogen bonding partners. In contrast, GlpF, which has already been shown to 

have weak monomer-monomer associations, has a Glu-Pro pair that would not be expected 

to strongly interact. It remains to be seen how these hydrogen bond pairs will affect the 

tetrameric stability of other AQP family members. 

Intriguingly, differential tetramer stability within the AQP family may also provide a 

mechanism to discourage hetero-oligomerization. Given the high degree of sequence and 

structural homology between family members, oligomerization may well include specialized 
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residues that alter the strength of intermolecular interactions. Data from the current study 

supports this hypothesis as substituting residues from AQP4 into AQPl dramatically 

reduces the strength of AQPl monomer association; moreover, Asp185 is unique to AQPl 

and thus may play a role in preventing heterotetramerization of other family members by 

preferentially stabilizing AQPl homotetramers. For example GlpF has a negatively charged 

residue in TM2 and this would not form a stable intermolecular association with the 

negatively charged Asp185 in AQPl TM5, thus AQPl and GlpF would not be expected to 

heterooligomerize. Given AQPl 's biogenesis mechanism, and the unique role of Asp185 

we cannot rule out the possibility that intermolecular associations between Lys51-Asp185 

may also help drive AQPl reorientation. Thus if reorientation takes place after release from 

the translocon this would provide a means to mechanistically couple reorientation of TMs2-

4 and tetramerization. Clearly, given their diversity of expression, functional importance and 

medical relevance of AQPs additional studies are needed to determine any general 

relationship between AQP topogenesis, folding and oligomerization. 
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Figure 3-1: AQPl biogenesis model and crystal structure. 

0185 

A. and B. Top and side view ribbon diagram of AQPl channel displaying adjacent location 

of TM2 (yellow) and TM5 (green). Model derived from Sui et al. crystal structure (5). C. 

Model of AQPl topological maturation from 4 to 6 spanning mature channel and location 

of polar TM2 residues (Asn49 and Lys51) and charged TM5 residue (Asp185). Extra- and 

Intracellular loops are as labeled A-E. 
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Figure 3-2: Asn49 or Lys51 is required for AQPl TM2 ER luminal location. 

A. TM2 sequence comparison from 13 AQPs and GlpF (E.Coli glycerol facilitator). AQP 

sequence is human with exception of rat AQP4 sequence (as used for these studies). 

Position of Asn49 and Lys51 marked with downward arrows. B. and C. Protease 

protection of AQPl (P77) and AQP4 (G72) protein truncated and fused to C-terminal P­

reporter following TM2 as described. Oocytes injected with mRNA and 35S-met were 

homogenized, digested with ProteinaseK ±Triton X-100, and immunoprecipitated with anti­

prolactin antiserum prior to analysis by SDS-PAGE. Point mutations noted above 

autoradiogram. Percent of prolactin reporter protected from protease and diagram of 

predicted topology are beneath autoradiograms. 
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Figure 3-3: Interactions between TM2 and TMS are important for AQPl Function. 

A. TM5 sequence comparison from 13 AQPs and GlpF (E.Coli glycerol facilitator). AQP 

sequence is human with exception of rat AQP4 sequence (as used for these studies). 

Position Asp185 marked with downward arrow. B. and C. Water permeability of oocytes 

48 hr post injection with mRNA. Assayed as described in Methods. Point mutations are as 

indicated under bar graph. Shown are results from a representative experiment n=5 oocytes 

in each group ± SEM. 
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A. 

B. c. 

Figure 3-4: Asn49, Lys51 and Asp185 form a complex triad of intra- and 

intermolecular Hydrogen Bonds. A. Model ofTM2-TM5 interactions with Asn49, 

Lys51 and Asp185 represented as space-filling molecules produced using published crystal 

structure (5). B. Ribbon diagram of AQPl tetramer model, four interacting monomers 

labeled 1-4. Location of 3 residues noted. C. Enlarged detail of hydrogen bonds between 

two monomers. Green dotted lines represent hydrogen bonding between Asn49 and 

Asp185 (within monomer) as well as Lys51 and Asp185 (between monomers). 
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Figure 3-5: N49M/K51L fails to fold and is retained in a high molecular weight 

complex. Oocytes were injected with mRNA and 35S-methionine incubated for 5 hr at 

18°C, homogenized and microsomes were isolated and solublized in 1% Tx-100 (A,C,D) 

or 1% SDS (B). Solubilized microsomes were loaded on a 2-20% sucrose gradient and 

subjected to centrifugation at 100,000 x g for 14 h. 14 equal fraction were taken and 

subjected to immunoprecipitation with anit-AQP1 antisera preceding analysis by SDS-

PAGE. Glycosylated (+g) and unglycosylated (-g) protein is indicated. Data were 

quantitated by phosphorimaging A, C and D average of 3 experiments ±SEM. B. Data 

from one representative experiment. 
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Figure 3-6: Interactions between TM2 and TMS contribute to AQPl homo-

oligomerization. A. In vitro RRL transcribed WT AQP1 ±canine pancreas membranes 

and± PNGase F to remove N-linked glycans. B. Oocytes injected with 35S-met and 

mRNA, homogenized, and microsomes were isolated and solublized in 1% Tx-100 

immunoprecipitated with Myc-9E10 antibody. Oocytes were injected with untagged AQP1 

(lane1), AQP1mycT120 (lane 2), or both myc-tagged and untagged protein together 

(lanes4-8). mRNA injected was either WT (lanes 4 and 7), AQP1 N49M/K51L (laneS), 

AQP1 N49M/K51L/D185N (lane 6) or AQP1 K51L (lane 8). After immunoprecipitation 

protein was treated with PNGaseF (lanes 3-8) prior to analysis by SDS-PAGE. 

Immunoprecipitated myc-tagged and untagged protein mobility is as indicated. 
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IV. Summary and Future Directions 

A. Summary 

The studies presented in this thesis investigate the molecular mechanisms underlying early 

events of aquaporin biogenesis, folding and trafficking. While recent crystal structures have 

presented a detailed picture of AQP structure (4,5,25-28), surprisingly little is known about 

the steps between translation and the final folding of a functional water channel. In fact 

there is little information about the steps involved in polytopic membrane protein folding in 

general. These events have been especially hard to study because folding occurs within the 

lipid bilayer in the context of the ribosome translocon machinery. Here we investigate 

fundamental aspects of early AQP folding and processing at the ER. Namely, does N­

linked gycosylation affect WT and mutant protein differently? Do all expression systems 

recognize topogenic information similarly? Lastly, what is the relationship between early 

inter- and intramolecular folding and topogenesis? 

I first examined the role of N-linked glycosylation on AQP2 trafficking mutants. Because 

AQP2 is inefficiently glycosylated ( ~30%) it provides us with an opportunity to directly 

compare glycosylated and unglycosylated protein within the same cell. These studies 

confirm that NDI causing trafficking mutants T126M, A147T, C181 Wand R187C all have 

reduced half-lives in oocytes. Interestingly, when the glycosylated and nonglycosylated 

isoforms were examined separately we found that the presence of N-linked sugars markedly 

stabilized mutant proteins, whereas WT protein stability was unaffected. N-linked 

glycosylation has long been known to facilitate protein folding, although it can also target 

proteins for degradation (201,202). In our hands, mutations, with the possible exception of 

R187C, did not affect the extent to which the protein was glycosylated. However, N-linked 

glycosylation had a general effect on the stability of trafficking mutants. As the four 

trafficking mutants examined are found in very different regions of AQP2, TM segments 

(T126M, A147T), cytosolic (T126M), extracellular (A147T) and within the pore itself 
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(C181 Wand R187C) they would be expected to disrupt protein folding in different ways. 

Yet N-linked sugars stabilize all of them similarly. These studies raise the possibility that 

manipulating the attachment of N-linked glycans may provide a strategy for improving 

stability of mutant protein in human disease. 

Topological studies of multi-spanning membrane proteins commonly use sequentially 

truncated proteins fused to a C-terminal translocation reporter. Using an assay for reporter 

location (e.g. protease protection, glycosylation) allows one to define TM segment 

orientation and key biogenesis events. Because truncated proteins represent an intermediate 

in the folding pathway, they may transiently occupy multiple folding states (i.e. more than 

one topological isoform). We have demonstrated that two such AQPl biogenesis 

intermediates truncated after TM3 have markedly different stabilities. The predominant 

isoform, a 2-spanning intermediate with TM2 in the ER lumen, was degraded rapidly 

whereas the 3-spanning intermediate with TM2 spanning the membrane was not. This 

difference in stability was due to the truncated nature of the construct and not a general 

property of AQPl, as full-length protein was quite stable. Importantly, these studies further 

confirmed that the translocation machinery in oocyte and mammalian cell systems handle 

topological information in much the same way and that the location of a reporter is dictated 

by the information encoded within the polypeptide itself and not an artifact of the 

expression system. These results also highlight the importance of considering stability 

when carrying out topological studies with truncated proteins. 

AQPl 's unique biogenesis has been well established, but its molecular mechanism and role 

in the mature water channel are poorly characterized. The current study investigates how 

AQPl 's biogenesis mechanism affects both tertiary and quaternary protein folding. Polar 

residues near TM2 (Asn49 and Lys51), that allow TM2 to slip into the ER lumen hydrogen 

bond to Asp185 in TMS. Specifically, hydrogen bonding between Asp185 and Asn49 is 
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important for stable monomer folding whereas intermolecular hydrogen bonding between 

Lys51 and Asp185 is more important for stabilizing the AQPl tetramer. This trio of 

residues contributes to monomer folding as well as oligomer stabilization. The conclusion 

of these experiments is that AQPl 's unique biogenesis mechanism is required to 

compensate for the charged Asp185 in TMS. Asp185 is unique to AQPl within the AQP 

family and it is unclear what advantage to water channel function or regulation it imparts. In 

conclusion these studies give us new insight into the molecular mechanism of AQPl 

biogenesis and highlight how early biogenesis, tertiary and quaternary folding events can be 

intimately linked by specific structural features. 

B. Future Directions 

1) Is the degradation of glycosylated AQP2 mutants simply delayed or does the addition of 

N-linked sugars promote proper folding of the trafficking mutants? 

Our work demonstrates that AQP2 trafficking mutants are stabilized by N-linked 

glycosylation at the level of the ER. It is unclear whether the stabilization we observe allows 

the glycosylated protein to become a functional water channel and traffic to the plasma 

membrane or just delays its recognition by the ER quality control machinery. Because only 

a small percentage of the overall AQP2 population is glycosylated ( "'20%) oocyte 

functional assays may not provide a sensitive enough measure of trafficking. 

Immunocytochemistry in mammalian cells may provide a better means to investigate this 

question. 

2) Are chaperone proteins such as calnexin and calreticulin involved in stabilizing the 

glycosylated mutant AQP2 proteins? 

We showed that N-linked glycosylation stabilizes AQP2 trafficking mutants but the basic 

mechanism behind this stabilization remains unexplored. The ER lectins CNX/CRT bind 

and have been shown to stabilize glycosylated proteins (201). In contrast MHC class I 
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molecule was actually stabilized in the absence of N-linked glycosylation (202). It would 

therefore be of interest to determine if these chaperones affected the mutant AQP2 stability 

either by using biochemical assays in oocytes, or pharmacological studies in mammalian 

cells. 

3) Why do different AQP 1 topological isoforms exhibit markedly different stabilities? 

We have shown that different AQP1 topological isoforms have differential stabilities. There 

are a few potential explanations. First, hydrophobic patches can act as signals for 

degradation (200). Therefore the two spanning isoform, in which the hydrophobic TM2 is 

transported into the ER lumen, may be more easily recognized. Another possibility is 

reporter location. Both reporters used in our studies (prolactin and B-subunit of H/K 

ATPase) are normally expressed in the ER lumen, therefore cytosolic localization may target 

the reporter for degradation. Understanding how two populations of the same protein are 

first directed into different topologies by the translocation machinery and second 

differentially recognized by the ER quality control system will be important for 

understanding the early folding events of multi-spanning proteins in general. 

4) What cellular components is the AQP 1 N49MIK51 L mutant associated with? 

Converting the two polar residues Asn49 and Lys51 at the boundary of AQP1 TM2 to the 

corresponding AQP4 residues (N49M and K51L) allows TM2 to stop in the ER 

membrane, but destroys water channel function. Further analysis showed that in contrast to 

WT AQP1 protein N49M/K51L was associated with a large molecular weight complex that 

was soluble in 1% Tx-100 presumably because it fails to properly fold. Candidate protein 

complexes include the ribosome translocon or a proteasomal degradation complex, but this 

is yet to be determined. Cross-linking and coimmunoprecipitations studies could be used to 

identify members of this protein complex. 
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5) Is the intermolecular interaction between Lys51 and Asp 185 important for the final 

folding of the monomer as well as tetramer stability? 

We have shown that the intermolecular association between Lys51 and Asp185 is important 

for stabilizing the tetramer. Work by other labs has suggested that properly folded water 

channel was a prerequisite for tetramerization, however it is possible that instead 

tetramerization is a prerequisite for a functional channel. While there is substantial evidence 

that each AQPl monomer contains a functional water channel, no studies have shown AQP 

monomer functioning outside of the tetramer. It is therefore possible that tetramerization 

and possibly the intermolecular interaction between Lys51 and Asp185 are necessary to 

stabilize a functional AQP monomer. Further mutagenesis studies, expression of mutant 

concatamers, and functional assays in a system that doesn't require cellular trafficking may 

prove useful in answering these questions. 

6) Does the charged residue in AQP 1 TM5 (Asp 185) prevent heterotetramerization with 

other MIP family members? 

Intramolecular interactions between Asp185 and Lys51strengthen AQPl monomer 

association. Asp185 is unique to AQPl within the AQP family. Because it is involved in 

intermolecular interactions, this unique residue may help block heterotetramerization in cells 

where multiple AQPs are expressed. Heterotetramerization has not been observed for any 

AQPs, yet AQPl and AQP3 are coexpressed in erythrocyte membranes and AQP2, AQP3 

and AQP4 are coexpressed in the principal cells of the kidney collecting duct. Therefore it 

is of interest to determine what mechanisms these very homologous proteins use for 

specificity in oligomerization and what role Asp185 plays. Sequence comparison of AQPs 

and GlpF revealed that other AQPs have polar or charged residues at this position. For 

example, AQP2 has a His at this position and a Gln at the corresponding position in TM2. 

If the position of these residues is similar to that in AQPl, then they could block the 

formation of an AQP1-AQP2 heterotetramer as the His-Lys interaction would not be as 
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favorable as the Asp-Lys interaction in AQPl. Coexpression and mutagenesis studies will 

allow us to determine to what extent AQPs use residues at these positions to block 

heterotetramerization. 

7) Where does the reorientation of AQP 1 TM3 occur and what facilitates it? 

AQPl 's unique biogenesis mechanism has been validated in multiple expression systems. 

Our recent work has given some insight into why this process occurs and identified some 

requirements at the protein sequence level. However, we have little if any information as to 

where within the ER membrane this process occurs. Does this process occur while the 

protein is still associated with the translocon? If so, where in the translocon environment 

would this occur? Recent models suggest that the translocation pore is only wide enough to 

accommodate one helix at a time ("'10 A) (62,86). Would AQPl then associate with 

multiple translocon complexes at once, or is some other mechanism/machinery involved? 

Alternatively, this maturation may occur after the protein exits the translocon into the lipid 

bilayer. Insertion of cross-linking probes into the AQPl sequence will help us track the 

movements of TM2 in relation to other proteins and lipids. 
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V. Appendix 
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Figure A-1: Trafficking Mutants do not affect early topogenesis of AQP2. A. WT 
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and mutant AQP2 eDNA was truncated before TMI and after TMI, TM2, TM3, TM4, 

TMS and TM6 as diagrammed and fused to a prolactin-derived COOH terminus reporter 

(P). B. Oocytes injected with mRNA and e5S]methionine were incubated 3 h, reporter 

topology was determined by proteinase K (PK) digestion in the presence or absence of 

Triton X-IOO(TX-100). Shown is a representative autoradiogram of prolactin reactive 

immunoprecipitated products. The percentage of reporter protected from PK digestion for 

WT protein was normalized to a control secretory protein. Topology of fusion sites is 

illustrated under autoradiogram. The data show average of three or more experiments 

±S.E.M. 
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Figure A-2: Tunicamycin blocks N-linked glycosylation of proteins in oocytes 8 hrs 

after injection. A. Xeonopus oocytes were injected with 50 nl of 400 ~g/ml 

Tunicamycin in 8% DMSO and incubated for the time indicated (0,2,4,6,8, 12,or 24 hr). 

Oocytes were then injected a second time with Sp+ 1gGSTpT (a chimeric protein with a 

well-used glycosylation site that has been previously characterized (166,184)) mRNA 

and [35S]methionine and incubated for 2 hat 18° C. B. Results from A were quanitated 

using Bio-Rad personal Molecular Phosphorlmager Fx (Kodak screens, Quantity-1 

software) and the percentage of glycosylated protein at each time point was plotted. 
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Figure A-3: Addition of hydrophobic residues following TM2 does not affect 

topogenesis. A. AQP1 TM1 and its flanking residues were engineered into the chimeric 

construct diagramed consisting of N-terminal signal sequence from preprolactin (S), a 

passenger domain derived from ex:-globin (G), and the C-terminal prolactin reporter (P). B. 

Autoradiograms show preotease protection of Xeonopus oocyte products 

immunoprecipitated with anti-prolactin or anti-globin. %Epitope Translocated is average of 

two experiments. 
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Figure A -4: ALLN blocks selective degradation of nonglycosylated isoforms. A. 

EGFP-~ subunit chimera truncated at L139 (see Figure 4 Manuscript 2) was expressed in 

HEK-293 cells. Pulse-chase labeling was performed in the presence of 20 ~-tM ALLN and 

immunoprecipitated with anti-EGFP antisera. Glycosylated (+g) and nonglycosylated (­

g) are indicated. B. Percentage of protein in the three-spanning (glycosylated) topology 

was quantitated for experiments carried out with or without ALLN. 
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