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Chapter I. Introduction  

Sections of this chapter are adapted from ñInsight into the Mammalian Aquaporin Interactome,ò 

and ñLens Aquaporins in Health and Disease: Location is Everything!ò published in the 

International Journal of Molecular Sciences and Frontiers in Physiology, respectively and has 

been reproduced with the permission of the publisher and my co-authors Susanna Tºrnroth-

Horsefield, Clara Chivasso, Helin Strandberg, Claudia DôAgostino, Kevin Schey, Christine 

Delporte, Romell Gletten, Zhen Wang, Rosica Petrova and Paul Donaldson.   

Behind the cornea, iris, and pupil, lies a transparent ellipsoid shaped tissue called the lens 

that is responsible for refracting light onto the retina for a clear image. The lens must remain 

transparent throughout an organismsô lifetime for proper vision and thus has evolved specialized 

morphology and biochemical processes to preserve its transparency.  

The exterior of the lens is enclosed by the capsule, a thick basement membrane that 

among other roles serves as an important barrier to pathogens and acts as a structural support 

for the lens. Adjacent and interior to the capsule is a single layer of epithelial cells that surrounds 

the anterior region of the lens. These epithelial cells are metabolically active throughout the life of 

the organism and progressively differentiate into the fiber cells that constitute the bulk of the lens. 

These fiber cells differentially express and degrade proteins in a regionally dependent manner to 

maintain lens transparency. A cartoon diagram of the ocular lens is shown in Figure 1.2 

The membrane proteins known as aquaporins (AQPs) are important to the overall health 

and function of the lens. These channels facilitate the movement of water and, for a subset of 

aquaporins, the movement of solutes across plasma membranes. The most abundant aquaporin 

in the lens is aquaporin-0 (AQP0) which, in addition to being a water channel, functions as a cell-

adhesion molecule. It is clear that both protein and lipid interactions affect the function of AQPs. 

My work focuses on characterizing full-length AQP0-protein and AQP0-lipid interactions 

using crosslinking-mass spectrometry (XL-MS), hydrogen-deuterium exchange mass 

spectrometry (HDX-MS) and native mass spectrometry (nMS). Using these advanced mass 

spectrometry techniques, I defined various AQP0-protein interaction sites and identified for the 

first time, AQP0 native non-covalent lipid binding. Since both proteins and lipids regulate AQP0, 

identifying the specific lens proteins and lipids involved in this interaction can inform us on how 

these interactions impact AQP0 structure and function in the context of the lens microcirculation 

system (MCS) described in section 1.3.  

My dissertation research advances the lens field by demonstrating how and where proteins 

and lipids interact with AQP0 in the lens and provides a framework for the development of 

therapeutics and/or practices that could help delay or prevent the onset of cataracts. Furthermore, 

the mass spectrometry techniques, methods, and sample preparation workflows established in 

my studies of AQP0 could be of particular use to membrane protein structural biologists.  

1.1 Eye Anatomy  

The eye is an avascular organ that is positioned between the aqueous and vitreous humors 

and is fundamental to an organismôs vision. Light passes through the eye, the cornea, aqueous 

humor and then the lens, where it is refracted through the clear vitreous humor onto a small region 

of the neurosensory retina called the fovea (Kaplan, 2007). A diagram of the ocular lens is 
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displayed in Figure 1.1. Photoreceptors, which include rods and cones, in the retina absorb the 

light and, through the visual signal transduction cascade, transfer a signal to the central nervous 

system ultimately producing a visual image for the organism (Kaplan, 2007).  

 

Figure 1.1. Diagram of the human eye.  
Light enters through the cornea, pupil and then the lens where it is refracted onto the fovea, 
absorbed by photoreceptors in the retina and, through a biochemical pathway, travels through the 
optic nerve. Adapted from the National Eye Institute; https://medialibrary.nei.nih.gov.  

1.2 Lens Cellular Structure and Physiology  

The anterior surface of the lens is bordered by a monolayer of epithelial cells that remain 

connected through gap junctions (mainly connexin-43) which allow the intercellular passage of 

various ions (Hejtmancik and Shiels, 2017). These cuboidal shaped cells are metabolically active 

and, for the duration of the organismôs life, migrate to the lens equatorial regions where they 

elongate and differentiate into cortical fiber cells that progressively eliminate their intracellular 

organelles and form nuclear fiber cells (Mathias et al., 1997). This cellular remodeling that 

accompanies lens fiber cell differentiation is one of four key processes, cited by Cvekl and Ashery-

Padan (2014), evolved to maintain lens transparency, diminish light scattering and ensure proper 

lens function. First, during differentiation, crystallin proteins accrue in the lens fiber cells, a process 

associated with lens transparency and refractive power (Cvekl and Ashery-Padan, 2014; Bassnett 

et al., 2011). The role of crystallins in lens transparency is detailed below. Secondly, differentiation 

coincides with cytoskeletal remodeling (Rao and Maddala, 2006) and the appearance of two lens-

specific intermediate filaments (IFs), BFSP1 (filensin) and BFSP2 (CP49 or phakinin), which are 

also discussed in detail below (Cvekl and Ashery-Padan, 2014). Third, mature fiber cells have 

evolved to degrade their organelles (i.e., nucleus, endoplasmic reticulum, and mitochondria), 

which scatter light and compromise lens transparency, through processes such as autophagy, to 

produce an organelle-free zone (Cvekl and Ashery-Padan, 2014; Bassnett, 2009). Autophagy, a 

process that involves the degradation and recycling of cellular parts, plays a fundamental role in 

the complex fiber cell remodeling process (Brennan et al., 2023). Finally, as a result of the 

elimination of organelles, nuclei, and most enzymes, metabolic activity is largely absent deep in 

the lens (Mathias et al., 2010) and thus, communication and transport systems, major 

https://medialibrary.nei.nih.gov/
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components of which include gap junctions and aquaporins, are formed to circulate water, ions 

and nutrients in and out of the lens (Mathias et al., 1997; Cvekl and Ashery-Padan, 2014).   

The lens contains two distinct regions, the nucleus and the cortex. The nucleus, which 

makes up the center of the lens, contains the oldest lens fiber cells and is absent of organelles. 

The inner cortex immediately surrounds the nucleus, and the outer cortex, which steadily grows 

throughout an organismôs lifetime due to continuously differentiating epithelial cells, consists of 

fiber cells that are mostly metabolically active (Augusteyn, 2018). The lens nucleus, inner cortex 

and outer cortex tissue regions are highlighted in Figure 1.2.  

Fiber cells develop a unique hexagonal cross-sectional shape and lateral membranes that 

are composed of broad and narrow sides to maintain orderly packing with minimal extracellular 

space, which is critical for the lens to remain transparent (Zampighi et al., 2000). Furthermore, 

lens fiber cells develop interdigitations, referred to as ball-and-socket, which, like an adhesive, 

bind neighboring fiber cells and minimize extracellular space by keeping these cells together, 

particularly during accommodation, when the lens adjusts its shape (Robinson, 2010). When the 

apical domains of elongating fiber cells meet with the basal domains at the anterior and posterior 

poles, respectively, lens sutures (labeled in Figure 1.2) are formed allowing the central core of the 

lens to remain perpetually connected to the surrounding nutrient-rich humors. Interestingly, AQP0 

and AQP5 display different trafficking patterns to the sutures suggesting they have distinct 

functions in that region (Gletten et al., 2022).  
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Figure 1.2. Cartoon of the ocular lens. The exterior of the lens is surrounded by a capsule 

which, in the anterior region of the lens, borders a single layer of cuboidal epithelial cells. These 

epithelial cells differentiate in the equatorial regions of the lens where they form elongated fiber 

cells and progressively transform into mature fiber cells which have lost all their organelles and 

make up the center of the lens organelle-free zone (OFZ). Fiber cells in the cortex region are 

shown in blue, the outer nucleus in green, and the inner nucleus in red. The dashed red line 

represents the extracellular diffusion barrier. The trajectory of the microcirculatory current is 

outlined by bold grey arrows. A flux of fluids (influx) enters at the poles of the lens, travels 

intracellularly down the sutures to the lens core, and then intercellularly through an outflow 

pathway guided by gap junctions and aquaporins where it exits (efflux) at the equatorial regions. 

Figure adapted with permission from Cantrell et al., (2023). 

1.3 Lens Function  

The main function of the ocular lens, positioned behind the cornea and pupil, is to refract the 

light that is transmitted from the cornea onto the retina to generate a clear image. For proper 

function, the lens must remain transparent and achieves this through various cellular processes 

and specialized cellular architecture highlighted above, as well as through the generation and 

maintenance of a microcirculation system (MCS) (Mathias and Rae, 1985).   

The lens is a unique organ in that is does not contain a blood supply and to compensate for 

this, it contains an MCS that, through a circulating flux of water, supplies nutrients to deeper fiber 

cells, sustains fiber cell ionic homeostasis and ultimately maintains lens transparency. The MCS 
is produced by a circulating current of Na+ ions which primarily enter the lens sutures at the poles 

and travels into the lens core via the extracellular spaces between fiber cells. Na+ ions cross fiber 

cell membranes and return towards the surface via an intercellular outflow pathway mediated by 

gap junction channels (Cx46 & Cx50) where Na+ is actively removed by Na+ pumps (Na+/K+ 

ATPases) concentrated at the lens equator. This circulating ion current generates a near isotonic 

water flow that enters the lens at both poles and exits at the equator and this pathway is depicted 

in Figure 1.2 (Candia et al., 2012; Donaldson et al., 2016).  
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This flow of water results in two main processes. First, as mentioned, the extracellular flow of 

water allows nutrients and antioxidants to travel, via the influx pathway, to the deeper lying fiber 

cells where different membrane transporters enable cellular uptake (Donaldson and Lim, 2008). 

Mapping this extracellular delivery of solutes to the lens cores using MRI (Vaghefi et al., 2012) 

and confocal microscopy (Grey et al., 2003; Lim et al., 2009) has revealed that a barrier to 

extracellular diffusion forms in the inner cortex of the lens where mature fiber cells have lost their 

organelles. Spatially resolved quantitative proteomics revealed that this closing of the extracellular 

space is accompanied with increased expression of gap junction, adherens junction and tight 

junction related proteins and by increases in the expression of AQP0 and its interaction partners, 

ezrin-radixin-moesin (ERM) proteins (Wang et al., 2021). It has been proposed that this barrier, 

by restricting radial extracellular space diffusion in the inner cortex, serves to preferentially direct 

water and solute fluxes into the lens nucleus via the sutures (Vaghefi et al., 2012).Secondly, 

Mathias et al. have shown that the removal of water from the center of the lens across the 

extracellular diffusion barrier, through an intercellular outflow pathway, thought to be mediated by 

gap junction channels, generates a substantial hydrostatic pressure gradient, which ranges from 

0 mmHg in the periphery to 335 mmHg in the lens center in all lenses studied to date (Gao et al., 

2013; Gao et al., 2011). This lens pressure gradient is maintained through a dual feedback system 

that utilizes the mechanosensitive Transient Receptor Potential Vanilloid channels, TRPV1 and 

TRPV4, to sense changes in pressure at the surface of the lens (Gao et al., 2015). As mentioned 

above, Na+ efflux from the lens occurs via Na+/K+ ATPases concentrated in the epithelial cells at 

the lens equator. 

The lens MCS is required to maintain transparency; however, how this system is established 

and maintained as a function of age is not well understood. Through its role in cell adhesion and 

water permeability, AQP0 is an important protein in the generation, maintenance and regulation 

of the MCS. AQP0 is known to interact with different lens proteins and although the precise 

function of most of these interactions remains unknown, it is likely that many of these associations 

directly affect AQP0ôs role in the MCS. The following sections will provide a general introduction 

to several key lens proteins, including aquaporins and a review on the reported AQP0-protein 

interactions.  

1.4 Lens Proteins  

 

1.4.1 Crystallins 

Lens crystallins are a family of highly abundant water-soluble proteins that are present 

both in the lens and other tissues such as the heart and brain (Bhat and Nagineni, 1989; Sprague-

Piercy et al., 2021). Found in particularly high concentrations in the lens (in humans, up to 400 

mg/mL), these proteins play a vital role in lens function and transparency (Sprague-Piercy et al., 

2021). Human crystallins can be sub-divided into three different classes, Ŭ-,Ç-,ɔ-crystallins; 

however, additional crystallins, such as delta-crystallins, are present in other organisms (Sprague-

Piercy et al., 2021). Crystallins in the lens last for the lifetime of the organism, i.e they do not 

turnover, and therefore over time they become susceptible to modifications such as glycation, 

deamidation, truncation, crosslinking and methylation which can modify their folded structure and 

function (Bateman et al., 2003; Schey et al., 2020). The high concentration of crystallin proteins 

in the lens contributes to the high refractive index of the lens (Hejtmancik and Shiels, 2017). 

The Ŭ-crystallins, members of the small heat shock protein (sHSP) family, interact with 

misfolded proteins to prevent aggregation which can scatter light and compromise lens 
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transparency if not properly regulated (Horwitz, 1992). These ATP-independent chaperones 

associate with proteins to maintain their solubility, but do not have the capability of refolding them 

(Sprague-Piercy et al., 2021; Janowska et al., 2019). Alpha-crystallin exists as two isoforms, ŬA- 

and ŬB-crystallin, and in humans they often interact to form hetero-oligomers at a 3:1 ratio, 

respectively (Selivanova and Galzitskaya, 2020) with molecular weights of 19.8kDa and 20.0kDa, 

respectively. In addition to sustaining lens transparency, Ŭ-crystallin generates a refractive index 

in the lens and maintains cellular proteostasis (Hayashi and Carver, 2020; Shashidharamurthy et 

al., 2005; Selivanova and Galzitskaya, 2020). In line with other sHSPs, Ŭ-crystallin structure can 

be divided into three different regions, the flexible N-terminal domain, the highly conserved Ŭ-

crystallin domain (ACD), and the dynamic C-terminal domain (Selivanova and Galzitskaya, 2020). 

The Ç-sheet rich ACD, is an established substrate binding region (Bhattacharyya et al., 2006, 

Raju et al. 2016) and the N- and C-termini are also involved in substrate recognition and 

solubilization (Ghosh et al., 2006).  

The Ç-crystallins form different oligomeric complexes from a combination homo- and 

hetero-typic interactions (Bateman et al., 2003). They can form dimers or higher-order oligomers 

and can undergo substantial modification during the normal aging process including deamidation, 

racemization and isomerization and are believed to play a structural role (Lampi et al., 2014; 

Ghosh and Chauhan, 2019). 

Unlike the Ŭ- and Ç-crystallins, the Ὓ-crystallins are monomeric (Vendra et al., 2016). They 

belong to the ÇὛ-crystallin family, are around 21 kDa in molecular weight and contain a Greek key 

structural motif (Vendra et al., 2016). Gamma-crystallins are cysteine rich and are 

thermodynamically stable compared to other crystallins (Vendra et al., 2016). A variety of Ὓ-

crystallin mutations in humans have been reported (Vendra et al., 2016). The function of Ὓ-

crystallin is still being explored, but it has been proposed that because it possess amino acid 

residues with a higher refractive index increment compared to most proteins, they likely play a 

considerable role in the refractive power of the lens (Zhao et al., 2011). Moreover, Ὓ-crystallins 

are more concentrated in the lens nucleus to create a gradient of refractive index which is 

important to reduce spherical aberrations (Pierscionek et al., 1987).   

1.4.2 Intermediate filaments 

Like other cells, the lens cytoskeleton is composed of microtubules, microfilaments and 

intermediate filaments (IF), including a unique class of IFs referred to as beaded filaments 

(Quinlan et al., 1999). Intermediate filaments play a role as cytoskeletal scaffolds in the cytoplasm 

and nucleus and help maintain organization within the lens (Kim and Coulombe, 2007). The adult 

vertebrate lens contains three main intermediate filaments: BFSP1, BFSP2 and vimentin (Quinlan 

et al., 1999). BFSP1 (filensin) and BFSP2 (CP49/phakinin) are lens-specific proteins referred to 

as beaded filaments that co-assemble and have important functions in lens transparency, cellular 

organization, and overall structure (Fitzgerald, 2009; Song et al., 2009); a mutation in only one of 

these proteins results in cataracts (Song et al., 2009). Intermediate filaments display sequence 

heterogeneity, but still retain similar structural features, such as a conserved rod domain that is 

flanked by head and tail domains (Kim and Coulombe, 2007). In the lens, these two beaded 

filaments can be found at fiber cell membranes where they frequently extend into the cytoplasm 

(Sandilands et al., 1995).  

Vimentin is an intermediate filament (Type III IF protein) commonly found in cells and, in 

the lens, it is mostly expressed in the epithelium and young fiber cells and at low or undetectable 
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levels in the lens inner cortex and nucleus (Fitzgerald, 2009; Wenke et al. 2016; Wang et al., 

2020). This intermediate filament serves several functions including cellular repair and wound 

healing (Menko et al., 2014), and akin to the beaded filaments, mutations are associated with 

cataract (M¿ller et al., 2009).  

1.4.3 Aquaporins 

 

The aquaporin (AQP) protein or membrane intrinsic protein (MIP) family consists of 

transmembrane water channels that, through facilitated diffusion, aid the movement of water 

across biological membranes and, for a subset of AQPs, the movement of small solutes such as 

glycerol, urea CO2, NH3, and H2O2 (Agre, 2004; Laloux et al., 2018). These vital water channels 

are found in all three domains (Eukarya, Bacteria, and Archaea) of life (Laloux et al., 2018). To 

date, 13 different AQPs have been discovered in mammals and they can be classified into three 

main categories: classical AQPs permeable to water (AQP0, AQP1, AQP2, AQP4, AQP5, AQP6, 

and AQP8); aquaglyceroporins permeable to water, glycerol and small solutes (AQP3, AQP7, 

AQP9, and AQP10); and unorthodox AQPs (AQP11 and AQP12) with lower sequence homology 

(Agre, 2004; Verkman and Mitra, 2000) which have been proposed to facilitate the transport of 

glycerol (Madeira et al., 2014) and H2O2 (Sorrentino et al., 2022). Curiously, it was shown that in 

addition to water, lens AQP0, AQP1 and AQP5 can transport H2O2 (Varadaraj & Kumari, 2020).  

 

Aquaporins play a critical role in plant biology, and in higher plants there exists well over 

30 isoforms and several different gene families (Manuel et al., 2015). Like mammalian 

aquaporins, plant aquaporins show diversity in selectivity and although most are selective for 

water, others are selective for CO2, NH3, H2O2, glycerol, urea and/or other solutes. They also have 

a similar structure as described below and assemble into tetramers (Laloux et al., 2018). 

 

Although aquaporins display diverse tissue-specific expression, they have a similar 

structure: six transmembrane helices (TM1-6), two shorter helices formed by loops B and E that 

fold back into the membrane and generate a seventh pseudo-transmembrane segment, five 

connecting loops (loops A-E) and a pore for the transport of water or other solutes that spans 

each monomer (Tornroth-Horsefield, 2022). A pore runs through the middle of each monomer 

where water (or other solute) molecules line up in single file. In addition, the assembly of four 

monomers into a tetramer creates a fifth central pore that has been proposed to conduct gas or 

other hydrophobic molecules. The tetrameric assembly has been proposed to be primarily 

mediated by interactions between loop D of the different monomers [6]. Within the water-

conducting pore, two highly conserved asparagineïprolineïalanine (NPA) motifs are located at 

the ends of the short helices formed by loops B and E (Figure 1.3). Together with the aromaticï

arginine region (ar/R), which is located towards the extracellular side of the pore, the NPA region 

is believed to play a crucial role in preventing proton translocation along the water chain by a 

Grotthuss-type mechanism (Groot et al., 2001). The ar/R region (Figure 1.3)  constitutes the 

narrowest part of the pore and functions as a selectivity filter. Except for a highly conserved 

arginine, the amino acid composition of the ar/R region differs between the AQP subgroups, 

thereby providing different solute specificity. The rate of water permeability differs between 

aquaporin isoforms.  
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Figure 1.3. Diagram of generic AQP structure. Adapted with permission from Figure 3 in Schey 

et al., (2022). Aquaporins have six alpha-helical membrane spanning domains, two shorter helices 

each with NPA sequence motifs, five connecting loops (A-E), and cytosolic N- and C-termini. Area 

of post-translational modifications (stars) and most protein interactions (purple) are shown. The 

ar/R region is highlighted in red. Figure generated with BioRender.  

 

Membrane trafficking is a form of aquaporin regulation and in differentiating fiber cells, 

AQP0 is synthesized and immediately trafficked to the plasma membrane, however, AQP5 is 

mainly localized to the cytoplasm in differentiating fiber cells and in the plasma membrane of 

mature fiber cells (Grey et al., 2013; Petrova et al., 2015; Gletten et al., 2022). Several proteins 

have been shown to interact with AQP0 including calmodulin, crystallins, intermediate filaments, 

AKAP2 and others that will be discussed in detail below. Few AQP5 interacting proteins have 

been identified (Gletten, 2022) in the lens, however AQP5-protein interactions have been 

identified in other tissues (Ohashi et a., 2008; Chivasso et al., 2021). 

 

Lens fiber cell membrane proteins exist in lipid raft and non-raft environments (Wang and 

Schey, 2015) and it has been shown that lipids can affect AQP stability (Laganowsky et al., 2014) 

and permeability (Tong et al., 2013). However, how different endogenous lens lipid interact with 

aquaporins, specifically AQP0, in the lens has largely been unexplored.  

The lens is reported to express six aquaporins: AQP0, AQP1, AQP3, AQP5, AQP7 and 

AQP8, with distinct subcellular distributions and abundance levels (Schey et al., 2022); however, 

given the scarcity of reports on lens AQP7 and AQP8, only the first four will be discussed in this 

thesis.  

1.4.3.1 Aquaporin-0 

The most abundant and extensively studied lens aquaporin is AQP0 which comprises 

around 50% of all the lens membrane proteins in the fiber cells and is found in other tissues such 

as the retina (Karasawa et al., 2011) and liver (Huebert et al., 2002). Human AQP0 mutations and 

knockout of AQP0 in mice both lead to congenital cataract (Berry et al., 2000; Francis et al., 2000; 

Al-Ghoul et al., 2003; Zeng et al., 2013; Yu et al., 2014) attesting to its critical role in lens 

physiology. Aquaporin-0 (and aquaporin-4; Hiroaki et a. 2006) is unique amongst the lens 

aquaporins in that it serves dual functions, as a water channel and a cell-adhesion molecule 

(Varadaraj and Kumari, 2018), that are believed to be spatially dependent. Moreover, AQP0 also 
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acts as a structural protein by connecting the plasma membrane to the cytoskeleton (Lindsey 

Rose et al., 2006; Nakazawa et al., 2011).  AQP0 can be found in cortical and nuclear fiber cells 

where in the cortex, AQP0 maintains lens transparency through its role as a water channel and 

involvement in the lens microcirculation system (MCS) while in the nucleus, AQP0ôs function is 

believed to switch to predominantly a cell-adhesion protein. As a cell-adhesion protein, tetrameric 

AQP0 interacts with neighboring AQP0s and/or cell membrane lipids in adjacent fiber cells to 

create thin junctions that support lens core structure. The formation of these junctions is thought 

to be triggered by the proteolytic truncation of the N- and C-termini of AQP0 (Gonen et al., 2004). 

Interestingly, the crystal structure (Gonen et al., 2004) of proteolytically cleaved AQP0 revealed 

the AQP0 pore to be closed implying that it does not function as a water channel in this form, 

however, water permeability experiments show that AQP0 is still able to facilitate water transport 

when cleaved (Ball et al., 2003; Kumari et al., 2014) and these differences remain to be 

reconciled.  

Lens aquaporin-0 water permeability can be regulated through different mechanisms 

including phosphorylation, pH (N®meth-Cahalan KL and Hall, 2000), C-terminal cleavage (Gonen 

et al. 2004), membrane trafficking, protein interactions, and lipid interactions. For example, three 

phosphorylation sites (S229, S231, S235) have been identified in the AQP0 C-terminal 

amphipathic helix and phosphorylation at one or more of these sites is known to impact AQP0 

permeability directly through calmodulin binding (Rose et al., 2008) and indirectly through 

allostery (Fields et al., 2017). AQP0 phosphorylation at S235 highest in concentration in the inner 

cortex region suggesting spatial regulation of water permeability (Ball et al., 2004; Gutierrez et 

al., 2016) and a potential role in the MCS. Furthermore, through native MS studies that we 

performed in collaboration with Dr. Vicki Wysockiôs lab, we found that a doubly phosphorylated 

AQP0 tetramer contains two singly phosphorylated monomers (Harvey et al., 2022). More details 

on AQP0 structure, function, and regulation are described below. 

1.4.3.2 Aquaporin-1 

Aquaporin-1 is expressed in a wide range of tissue types including the kidney, brain, lung, 

spinal cord (Pechlivanidou et al., 2023) and, in red blood cells, was the first AQP identified (Agre 

et al. 1987). AQP1 has been characterized by crystallography and electron microscopy (Walz et 

al., 1997; Murata et al., 2000). Although in the lens AQP1 is exclusively expressed in epithelial 

cells, lens opacification in AQP1-null mice proved that it still plays a fundamental role in lens 

transparency (Ruiz-Ederra and Verkman, 2006). Specifically, AQP1 in lens epithelial cells 

maintains a proper water flux across the epithelium (Schey et al., 2022).  

1.4.3.3 Aquaporin-3 

The aquaglyceroporin AQP3, which facilitates the passage of water, glycerol and H2O2, 

was recently discovered in the mammalian lens using RT-PCR and Western blotting (Petrova et 

al., 2024). AQP3 was identified throughout the lens and displayed a unique subcellular distribution 

compared to AQP0 and AQP5, and thus it was suggested that it may serve a distinct function in 

the lens (Petrova et al., 2024).   

1.4.3.4 Aquaporin-5 

In addition to the lens, AQP5 is found in a variety of tissues including the salivary, lacrimal and 

respiratory tract submucosal glands (Pechlivanidou et al., 2023). Unlike, AQP0 which is directly 

inserted into the plasma membrane, AQP5 can localize to the cytoplasm or in the plasma 
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membrane (Petrova et al., 2015). Recently, it was shown that in the lens, AQP5 can traffic to the 

plasma membrane via an unconventional protein secretion mechanism (Gletten et al., 2022). In 

peripheral fiber cells, AQP5 is generally found in the cytoplasm while in nuclear fiber cells, it is 

localized primarily to the membranes where it is proposed to play a compensatory role as the 

main water channel since AQP0ôs predominant function in this region is that of a cell-adhesion 

molecule (Schey et al., 2022). Relative to AQP0, the concentration of AQP5 is estimated to be 

around 5% of that of AQP0 (Grey et al. 2013) while it has about a 20-fold higher water permeability 

(Yang and Verkman, 1997). AQP5 is known to be regulated by trafficking and zonular tension 

(Petrova et al. 2023).  

1.5 AQP0-protein interactions 

In addition to a water channel and cell-adhesion molecule, AQP0 interacts with a variety of 

lens proteins to impact lens physiology in distinct ways. In most aquaporins, the cytoplasmic N- 

and/or C-termini are key sites of AQP-protein interactions (Tornroth-Horsefield et al., 2022). These 

termini are not as conserved between different aquaporins and are known to possess several 

post-translational modifications (PTMs) sites which are often points of regulation (Tornroth-

Horsefield et al., 2022). Specifically, aquaporins that are selective for water contain a short 

amphipathic alpha helix in the C-terminal tail that engages in AQP-protein interactions (Tornroth-

Horsefield et al., 2022). A summary of most AQP0-protein interactions reported to date and their 

functional significance is discussed below.  

The well-known Ca2+-binding protein, calmodulin, binds and regulates an expansive list of 

eukaryotic proteins such as scaffolding proteins, membrane receptors, and enzymes, and AQP0 

is no exception. The AQP0-CaM interaction is perhaps one of the most extensively studied AQP0-

protein interactions to date. Calmodulinôs ability to employ its Ca2+-binding lobes dynamically and 

differentially as well as its flexible core linker has led to it being coined an adaptor protein (Yamniuk 

et al., 2007; Villalobo et al., 2018). Girsh and Peracchia (1985), through liposome swelling assays, 

and N®meth-Cahalan and Hall (2000) through their studies on the effects of pH and Ca2+ on AQP0 

function, suggested CaM was involved in lowering AQP0 water permeability . Later work by Rose 

et al., (2008) used AQP0 peptides to measure CaM binding affinity and showed that when AQP0 

is phosphorylated at Ser 235, CaM binding is inhibited. Other affinity studies have been reported, 

including microscale thermophoresis studies (Kreida et al., 2018), that revealed the AQP0-CaM 

interaction exhibits positive cooperativity and that the interaction is phosphorylation dependent 

(Kreida et al., 2024). A low-resolution electron microscopy structure of the AQP0-CaM complex 

confirmed the notion that two calmodulins bind one AQP0 tetramer in an anti-parallel manner 

(Reichow et al., 2013). Molecular dynamics simulations suggested that in addition to the AQP0 

C-terminal tail, CaM interacts allosterically with the AQP0 arginine-rich intracellular loop D to 

modify a constriction site near the cytoplasmic pore that reduces the water permeability, however 

this has yet to be confirmed experimentally (Fields et al., 2017).  

A-kinase anchoring protein 2 (AKAP2), a member of the AKAP family of proteins that 

associates with protein kinase A (PKA), has been shown to interact with AQP0 (Gold et al., 2012). 

By serving as a scaffold for PKA and its substrates, AKAP2 indirectly modulates an assortment of 

cellular processes (Gold et al., 2012). AKAP2 was reported to interact with both PKA and the 

distal C-terminal region of AQP0 in outer cortical lens fiber cells (Gold et al., 2012). 

Immunohistochemistry experiments confirmed the co-localization of AQP0 and AKAP2 in mouse 

lens sections and immunoprecipitation and SPOT array experiments demonstrated that the C-

terminal tail of AQP0 is a specific AKAP2 interaction site (Gold et al., 2012). The authors 
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suggested that the sequestration of AQP0 and PKA by AKAP2 facilitates AQP0 phosphorylation 

at Ser235 and ultimately disrupts its interaction with CaM, thereby modulating AQP0 water 

permeability (Gold et al., 2012).  

Crystallins are the most abundant proteins in the human lens (Sprague-Piercy et al.2021). 

Confocal fluorescence resonance energy transfer (FRET) experiments confirmed previous 

reports that AQP0 interacts with lens crystallins (ŬA-, ŬB-, ÇB2-, and ɔC-crystallins) with varying 

affinity (Liu and Liang, 2008). The Ŭ-crystallin family functions as small heat shock proteins that 

bind to partially unfolded proteins to prevent aggregation, an important property for maintaining 

long-term lens transparency (Sprague-Piercy et al., 2021). Studies demonstrated that the 

thermally induced aggregation of AQP0 was prevented by Ŭ-crystallin (Swamy-Mruthinti et al., 

2013). Co-immunoprecipitation experiments and yeast two-hybrid screening revealed that ɔE-

crystallin interacts with AQP0 and it was proposed that this interaction involves the AQP0 C-

terminal region (Fan et al., 2004). Employing confocal fluorescence microscopy, this group also 

showed that AQP0 recruits ɔE-crystallin to the plasma membrane (Fan et al., 2004). Lastly, an 

endogenous crosslink was identified between AQP0 and ɔS-crystallin, suggesting that these 

proteins directly interact in vivo (Wang et al. 2019). 

Ezrin is part of the ERM (ezrin, radixin, and moesin) family of proteins that through their 

FERM (Four-point-one ERM) domain connect proteins to the actin cytoskeleton (Ponuwei, 2016). 

The ERM proteins are involved in important cellular functions such as cell signaling and in 

maintaining cellular structure and adhesion (Ponuwei, 2016). Through crosslinking mass 

spectrometry, co-immunoprecipitation, and AQP0 C-terminal peptide pull-down experiments, it 

was shown that the C-terminal region of AQP0 interacts directly with the N-terminal FERM domain 

of ezrin via both F1 and F3 subdomains (Wang and Schey, 2011). Wang and Schey (2011) 

suggested that in the lens, AQP0 may serve as a linker to the cortex adhaerens junction complex 

containing the ezrin, periplakin, periaxin, and desmoyokin (EPPD) complex discussed by Straub 

et al. (2003).  

The intermediate filaments described above are one of the three main filament 

components that make up the cellular cytoskeleton (Song et al., 2009). In addition to maintaining 

cellular organization, it has been proposed that lens-specific intermediate beaded filaments in 

conjunction with protein chaperones manage the extremely high protein concentrations found in 

the lens cytoplasm to maintain lens transparency (Song et al., 2009). As mentioned above, filensin 

and phakinin are known to interact, however, it was also shown that they interact with AQP0 which 

likely affects membrane/cytoskeleton organization.  AQP0 affinity purification and LC-MS/MS 

experiments showed that filensin interacts with AQP0 (Lindsey Rose et al., 2006), while 

subsequent crosslinking mass spectrometry experiments localized the sites of interaction to the 

AQP0 C-terminal tail and the truncated C-terminal filensin fragment (Wang and Schey, 2017). 

Immunoconfocal and immunoelectron microscopy experiments verified that AQP0 and filensin 

spatially interact in bovine lens tissue sections (Lindsey Rose et al., 2006). Additionally, AQP0 

permeability assays using Xenopus oocytes showed that AQP0 binding to the filensin tail region 

reduces AQP0 permeability (Nakazawa et al., 2011). In contrast to the effect of AQP0 

phosphorylation on CaM binding (discussed above), it was shown that the pseudophosphorylation 

of the AQP0 C-terminus peptide did not impact filensin binding (Nakazawa et al., 2011). AQP0 

affinity purification experiments coupled with LC-MS/MS analysis have also identified phakinin as 

an interacting partner of the C-terminal tail of AQP0 (Lindsey Rose et al., 2006). However, since 
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phakinin associates with filensin to form beaded filaments, it has been unclear if CP49 directly 

interacts with AQP0 (Lindsey Rose et al., 2006). 

Connexins, or gap-junctional proteins, are cell-to-cell channel proteins with nonselective 

pores that allow small molecules (usually under 1kDa) to pass intercellularly (Liu et al., 2011). 

They have four membrane spanning domains, and cytoplasmic N- and C-termini. Connexins can 

cluster to form plaques and when six connexins interact they are called connexons or 

hemichannels (Li et al., 2022). The lens expresses three different connexins, connexin-43 (Cx43), 

connexin-46 (Cx46) and connexin-50 (Cx50) with distinct gating and permeation functions (Li et 

al., 2022; Mathias et al., 2010). In the lens, Cx43 is found exclusively in the epithelial cells, Cx46 

is mainly expressed in fiber cells and Cx50 is expressed throughout the lens (Li et al., 2022). 

Connexins can interact with other isoforms to make heteromeric connexons allowing for functional 

diversity in junctions (Mathias et al., 2010). While Cx43 mutations do not show a definitive 

phenotype, Cx46 and Cx50 knockout mice developed cataract (Shi et al., 2022; Li et al., 2022). 

Connexins are key players in supporting the lens microcirculation and homeostasis. In addition to 

connexins, other proteins localize to fiber cell junctions including MP20 and AQP0 (Mathias et al., 

1997). Co-immunolabeling experiments revealed that AQP0 and connexin-45.6 colocalized and 

immunoprecipitation and immunoblotting experiments corroborated these interactions (Yu and 

Jiang, 2004). A pull-down experiment using an AQP0 C-terminus fusion protein demonstrated that 

in embryonic lenes, Cx45.6 interacted with the AQP0 C-terminal region and surface plasmon 

resonance experiments narrowed down the site of interaction in Cx45.6 to the intracellular loop 

domain (Yu and Jiang, 2004; Yu et al., 2005). A study revealed that the AQP0-Cx50 interaction 

augmented gap junction coupling (Liu et al., 2011). An AQP0/Cx50 double-knockout mouse model 

displayed substantial morphological changes, such as alterations of lens size, fiber cell structure 

and intercellular space, highlighting the critical role these two proteins play in establishing lens 

fiber cell structure and organization (Gu et al., 2019).  

1.6 Lens lipids 

Membrane proteins, such as AQP0, reside in a complex and dynamic lipid environment. 

The composition of the lipid bilayer that encompasses proteins has been shown to affect 

membrane protein structure, function, and stability; nevertheless, interactions of native lipids to 

AQP0 have yet to be elucidated. The following sections will provide a general introduction to lens 

lipid biology and a review on reported AQP0-lipid interactions. 

Due to the progressive degradation of subcellular organelles during fiber cell 

differentiation, the plasma membrane is ultimately the only remaining membranous structure of 

fully differentiated fiber cells (Mainali et al., 2013). The lens plasma membrane plays a variety of 

important roles such as harboring different membrane proteins with specialized functions, 

facilitating communication between fiber cells, and enabling the movement of solutes, ions, or 

water (Mainali et al., 2013). Curiously, the phospholipid (PC) composition does not differ greatly 

between organs of different species; however, the lens is unique in that it does not follow this 

trend. The lipid composition of lenses varies considerably across species and research shows 

that the lifespan of an organism is associated with a higher level of sphingolipids in the lens 

(Borchman et al., 2004). The main lipid in organisms with short life spans is phosphatidylcholine 

(PC) whereas those with long life spans primarily contain sphingomyelin (SM) (Deeley et al., 2008; 

Borchman and Yappert, 2004).  
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Model systems revealed that oxygen is more permeable in fluid membranes (i.e., 

membranes with low sphingolipid content) and thus membranes, such as those in human lenses, 

which contain high levels of saturated sphingolipid content, are more ordered and have less 

oxygen within the bilayers (Borchman et al., 2004). These plasma membranes, enriched with 

sphingolipids, are less inclined to oxidative damage permitting the lens to remain clear for a longer 

period (Borchman et al., 2004). It has been proposed that human lenses evolved to contain 

increased levels of sphingolipids to combat age-related oxidation (Borchman et al., 2004). 

A study by Deeley et al. (2008), identified and quantified lipids from lenses of seven 

different species and reported that phosphatidylcholines, sphingomyelins and 

dihydrosphingomyelins (DHSMs) were the most abundant phospholipids. Phosphatidylcholine 

was the most abundant in all the measured animals except humans where it only made up 11% 

of the lens phospholipids (Deeley et al., 2008). Differences in the relative lipid abundances 

between the seven species led authors to suggest that this could be due to biochemical and 

biophysical variations in the plasma membranes  (Deeley et al., 2008).  

1.6.1 Sphingomyelins in the lens 

The human lens plasma membranes have a particularly high abundance of two 

phospholipids, sphingomyelin and cholesterol, at abundance levels that vary depending on the 

lens region. Early studies revealed that DHSM is the most abundant phospholipid in human lenses 

(Merchant et al., 1991; Byrdwell et al., 1994). DHSM has a nearly identical structure to SM, except 

that, unlike SM, it does not contain a trans double bond at the carbon 4 position ultimately 

changing the properties of the lipid. DHSM has been shown to have a higher transition 

temperature than SM (Borchman et al., 1996) suggesting DHSM forms stronger lipid-lipid 

interactions (Yappert and Borchman, 2004). The most abundant DHSMs in the human lenses are 

SM (d18:0_16:0) and SM (d18:0_24:1) (Deeley et al., 2008).  

1.6.2 Cholesterol in the lens 

The lens plasma membrane contains some of the highest levels of cholesterol of any 

tissue in the human body and abundance levels vary between different lens regions. For example, 

in the cortex there is a cholesterol-to-phospholipid molar ratio of 1:2 whereas in the nucleus this 

ratio is 4:1 (Mainali et al., 2013) and these ratios have been reported to increase during the aging 

process (Li et al., 1987).  In the lens, cholesterol is known to form distinct cholesterol bilayer 

domains (CBDs) in the membranes (Jacob et al., 1999, 2001) which, unlike other tissues where 

it is often associated with pathology (Tulenko et al., 1998; Mason et al., 2003), is a normal 

physiological property needed for proper lens transparency (Subcyznski et al., 2012; Borchman 

et al., 1996b). The physiological roles of cholesterol in the lens are still being explored, but it has 

been suggested that it serves a protective function against cataract (Mason et al., 2003). 

Borchman et al., (1996) proposed that cholesterol plays a fundamental role in controlling the 

structural order of membrane lipids in the cortex and nucleus and maintaining chemical stability 

in the membrane due to its ability to resist oxidation (Subczynski et al., 2012). Using electron 

paramagnetic resonance (EPR) spin-labeling methods, Subczynski et al., (2012) found that high 

levels of cholesterol in fiber cells also allow the bulk physical properties (i.e., fluidity, 

hydrophobicity, and oxygen transport parameter) of the lens lipid bilayer to remain constant 

despite variations of PC content that occur during the aging process (Subczynski et al., 2012), an 

observation supported by Borchman et al., (1996). Furthermore, it was shown that CBDs function 

as barriers to oxygen transport allowing for a low oxygen concentration in the deeper lens fiber 
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cells (Subczynski et al., 2012). Therefore, the variation in lipid composition and regional 

distribution observed in lenses likely play a role in maintaining proper lens function. 

 

1.7 AQP0-lipid interactions 

Studies of AQP0-lipid interactions are limited but, include an electron crystallographic 

structure of lens AQP0 in DMPC (Gonen et al., 2005) where junctional AQP0 was reported and 

the structural differences between junctional and non-junctional AQP0, specifically in extracellular 

loop A, were compared. Another study reported a very similar structure of AQP0, albeit in E.coli 

polar lipids (EPL), (Hite et al., 2010) where they found that the fatty acid acyl chains in EPL 

bilayers are in similar locations as those in DMPC, but the headgroups assume different 

orientations. While these studies were very valuable for the field, it is important to note that  AQP0 

was probed in a non-native lipid important. More recently, Chiu et al., (2023) used electron 

crystallography to report structures of AQP0 in sphingomyelin/cholesterol bilayers and showed 

that the AQP0 tetramer influences the location and orientation of interacting cholesterol and that 

adjacent AQP0 tetramers house a deep-binding cholesterol molecule (Chiu et al., 2023). 

Molecular dynamics (MD) simulations found that this deep cholesterol stabilizes neighboring 

AQP0s by allowing them to endure a greater lateral detachment force (Chiu et al., 2023). They 

also found that the cholesterol in their structures does not associate with AQP0 through 

established cholesterol binding regions (Chiu et al., 2023).  

Studies by Tong et al., (2013) showed that when AQP0 was reconstituted into 

proteoliposomes composed of different lipid mixtures, its water permeability was dependent on 

the lipid bilayer composition. Specifically, AQP0 in bilayers composed of lipids characteristic of 

lens fiber cell membranes, i.e. sphingomyelin and cholesterol, displayed a lower unit water 

permeability compared to bilayers containing phosphatidylcholine and phosphatidylglycerol (Tong 

et al., 2013). The study suggested that AQP0 function within the lens is spatially dependent, where 

AQP0 water permeability is dependent on the composition of the surrounding lipid environment. 

Specifically, Tong et al., (2013) showed that AQP0 water permeability is higher in the cortical 

region compared to the nuclear region which is higher in sphingomyelin and cholesterol. 

An excellent review published by Hall et al., (2019) highlighted seminal research involving 

MD simulations of AQP0-lipid interactions. For example, the authors cited a study by OôConnor 

and Klauda (2011) that compared MD simulations of AQP0 in a bilayer of only DMPC to AQP0 in 

a bilayer of 48% DMPC and 52% cholesterol and concluded that cholesterol enhances the 

hydrogen-bonding lifetime between lipid-protein contacts and increases AQP0 stability through 

ring stacking. Also referenced was the study by Santamaria et al., (2012) which found that lipids 

embedded between AQP0 monomers were more fixed compared to lipids around a single AQP0 

tetramer and that lipid acyl chains, rather than the headgroups, determine the orientations of the 

lipids interacting with AQP0 (Hall et al., 2019).  

Lipid rafts are microdomains within a cellôs plasma membrane that are enriched with 

proteins and lipids and have specialized functions in different biological processes such as signal 

transduction, vesical movement, protein-protein and -lipid interactions, and cytoskeletal 

organization (Tong et al., 2009). These dynamic lipid microdomains are unusually resistant to 

solubilization in certain detergents and contain assemblies of cholesterol and shingolipids 

(Ikonen, 2001). Triton-X is a commonly used detergent to probe lipid rafts, but other detergents 

have been used including CHAPS and Brij 96 (Ikonen, 2001). Tong et al., (2009) found that AQP0-
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lipid interactions are sufficient to localize AQP0 into lipid rafts (as opposed to needing caveolin 

and cytoskeletal proteins). AQP0 has been found in raft and non-raft microdomains (Wang and 

Schey, 2015; Tong et al., 2009) and experiments by Wang and Schey (2015) reported that roughly 

40% of the total AQP0 was found in the detergent-resistant membrane (DRM). AQP0 homo-

oligomerization (Tong et al., 2009) and fatty acid modifications, such as oleic and palmitic acid, 

(Schey et al. 2010) have been proposed as two methods to target AQP0 to lipid rafts. Schey et 

al., (2010) found that acylated (palmitoylation or oleoylation)  AQP0 partitioned to DRMs. 

Covalently attached lipid groups on proteins can generally serve different functions, such as 

trafficking or signaling (Resh, 2006).  AQP0 can be covalently modified by lipids at two amino acid 

residues, methionine 1 in the N-terminus and lysine 238, in the C-terminal tail (Schey et al. 2010). 

Palmitoylation of a lysine residue is regarded as a rare modification and at the time of the study, 

oleolyation, was a new modification (Schey et al., 2010). Interestingly, both palmitic acid and oleic 

acid are found in high abundance in the lens plasma membrane (Li et al., 1987). With the use of 

imaging mass spectrometry experiments, it was found that oleoylated and palmitoylated AQP0 is 

predominantly found in the inner cortical and outer nuclear regions of bovine and humans 

suggesting spatially dependent regulation of AQP0 (Schey et al., 2010). In addition to a role in 

targeting to diverse membrane domains, the authors proposed that acyl modification at lysine 238 

could serve as a mechanism to secure the AQP0 C-terminal tail to the plasma membrane 

consequently enabling protein binding (Schey et al., 2010). Furthermore, it was suggested that 

since this modified residue is in the calmodulin binding domain, it could impact the interaction 

between AQP0 and calmodulin. Despite these studies, the role that AQP0 plays when present in 

lipid-raft domains remains largely unknown.   
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CHAPTER II. SPECIFIC AIMS 

The ocular lens is an avascular tissue that generates an internal microcirculation system that 

delivers nutrients, regulates lens homeostasis, and is fundamental for lens transparency and lens 

function. Lens membrane aquaporins are water permeable channel proteins that participate in 

the generation and regulation of the lens microcirculation system. Aquaporin-0 (AQP0), the most 

abundant lens membrane protein, functions as a water channel and adhesion protein in the lens. 

Given the important role of AQP0 in lens transparency and cataract development, understanding 

how proteins such as calmodulin regulate AQP0 structure and function is critical to understanding 

its role in the microcirculation system. Furthermore, the lipid composition surrounding integral 

membrane proteins has been shown to affect membrane protein structure, function, and stability, 

nevertheless interactions with native lens lipids have yet to be elucidated for AQP0. I hypothesize 

that AQP0-protein and -lipid interactions are spatially dependent and regulate AQP0 function and 

structure.ШOverall, I propose to determine full-length AQP0-protein and AQP0-lipid interactions via 

crosslinking studies (XL-MS), hydrogen deuterium exchange-mass spectrometry (HDX-MS), 

liquid chromatography tandem mass spectrometry (LC-MS/MS), and native mass spectrometry 

(native MS). Using these advanced mass spectrometry techniques, I intend to define full-length 

AQP0-calmodulin and AQP0-protein interaction sites, identify AQP0 native lipid binding, and 

determine how these interactions impact AQP0 structure and stability in the context of the lens 

microcirculation system. This comprehensive study will help us understand how protein and lipid 

interactions regulate protein function in the lens, and they will provide a framework for the 

development of therapeutics and/or practices that could help delay or prevent the onset of 

cataracts. 

Aim 1: Identify the sites of interaction between endogenous AQP0 and different lens 

proteins. 

Sub-aim 1: Determine the specific amino acid residues involved in full-length AQP0-lens protein 

interactions using XL-MS.  

Two amine-reactive chemical crosslinkers, BS3 (bis(sulfosuccinimidyl)suberate), a non-

membrane permeable crosslinker, and DSS (disuccinimidyl suberate), a membrane permeable 

crosslinker, will be used to elucidate the specific binding sites of full-length AQP0-protein 

interactions. 

Sub-aim 2: Establish an HDX-MS method to validate AQP0-protein interactions identified from my 

XL-MS experiments.  

Using the AQP0-calmodulin interaction, a method will be established to validate AQP0-protein 

interactions using HDX-MS. 

Aim 2: Test the hypothesis that lens lipids specifically bind AQP0 in a lens region-specific 

dependent manner. 

Sub-aim 1: Identify the specific endogenous lipids bound to purified or crude AQP0 via native MS. 

I will use purified and/or crude AQP0 to establish a workflow to analyze lipid bound AQP0 via 

native MS. 

Sub-aim 2: Identify regional differences in AQP0 native bound lipids by analyzing AQP0 from two 

lens regions, the cortex and nucleus, known to have different plasma membrane lipid 

compositions and therefore varying AQP0-lipid environments. 
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Chapter III. Aquaporin-0 Interacting Proteins in the Bovine Lens  
 
This chapter is adapted from ñAquaporin-0-protein interactions elucidated by crosslinking mass 
spectrometry,ò published in Biochemical and Biophysical Research Communications and has 
been reproduced with the permission of the publisher and my co-authors Minh H. Tran and Kevin 
L. Schey.  
 
3.1 Introduction  
 

The eye lens is an avascular tissue that generates an internal microcirculation system that 
delivers nutrients, regulates lens homeostasis, and is essential for lens transparency and clear 
vision (Mathias and Donaldson, 2007). Lens membrane aquaporins are water permeable channel 
proteins that participate in the generation and regulation of this critical microcirculation system.  
Aquaporin-0 (AQP0), the most abundant lens membrane protein, functions both as a water 
channel and adhesion protein in the lens, and mutations of this protein result in congenital 
cataracts (Shiels and Bassnett, 1996; Varadaraj et al., 2008). 
As mentioned in Chapter 1, Aquaporin-0 is a member of the major intrinsic protein family of water 
channels that are structurally similar, possessing six transmembrane alpha-helical domains, two 
half-helical segments, cytoplasmic N- and C- termini and five connecting loops as shown in Figure 
1.3 (Tºrnroth-Horsefield et al., 2022). Aquaporins are found throughout the animal kingdom and 
each monomer of their tetrameric structures fold into independently functional pores that, in 
response to osmotic gradients, passively transport water (Harries et al., 2004). Differences in 
intrinsic aquaporin permeability are primarily due to variations in their amino acid sequences. In 
addition, their N- and C-termini and connecting loops are established regions of interaction for 
many regulatory proteins (Tºrnroth-Horsefield et al., 2022). 

Regulation of AQP0 water permeability is essential for maintaining proper lens 
transparency. Modulation of AQP0 permeability has been shown to be dependent on pH (Nemeth-
Cahalan and Hall, 2000), C-terminal cleavage (Gonen et al., 2004), as well as interactions with 
specific proteins such as Ca2+ binding protein calmodulin (CaM) (Girsch and Peracchia, 1985; 
Kreida et al., 2018; Nemeth-Cahalan et al., 2004; Rose et al., 2008) and lens beaded filament 
protein filensin (Nakazawa et al., 2011; Wang and Schey, 2017). Other proteins reported to 
interact with AQP0 include lens beaded filament protein CP49 or phakinin (Lindsey Rose et al., 
2006), ezrin (Wang and Schey, 2011), gap junctional protein connexin-50  (Liu et al., 2011) , A-
kinase anchoring protein 2 (AKAP2) (Gold et al. 2012) , and crystallins (Fan et al., 2004; Swamy-
Mruthinti et al., 2013). All reports have localized AQP0-protein interactions to the C-terminal 
cytosolic tail of AQP0 (Tºrnroth-Horsefield et al., 2022) and specific regions of interaction within 
AQP0 interacting proteins have been reported for five lens proteins (calmodulin, ezrin, filensin, 
connexin-50 and ὛS-crystallin). Like AQP0, other members of the aquaporin family such as 
aquaporin-2 and aquaporin-5 have been shown to interact with ezrin (Chivasso et al., 2021; Li et 
al., 2017) and, aquaporin-4 and aquaporin-6, with calmodulin (Ishida et al., 2021; Rabaud et al., 
2009) thus a better understanding of lens-specific AQP0-protein interactions may provide insight 
into aquaporin-protein interactions beyond the lens.  Furthermore, given the critical role that AQP0 
plays in maintaining proper lens function, characterizing the AQP0-protein interaction network in 
the lens will help us understand how, where and why different lens proteins interact with AQP0. 
For example, these results could help inform functional studies (i.e. mutagenesis studies) by 
pinpointing regions within each protein that are important for lens protein-protein interactions. 
Further, such results can be integrated with other structural biology techniques, such as 
computational modeling, to guide the generation of 3D structures of AQP0-protein complexes 
(Piersimoni et al., 2022).  
In this study, we used chemical crosslinking mass spectrometry (XL-MS) to identify the 

specific sites of interaction between endogenous AQP0 and several endogenous lens proteins, 
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including two previously unreported binding partners, vimentin and connexin-46. Primary amine 
reactive chemical crosslinking reagents allowed us to attain amino acid level resolution of these 
key protein-protein interactions that may play important roles in the lens. Our results show for the 
first time that, in addition to the C-terminus, the AQP0 N-terminus is also a site of interaction for 
lens proteins. Furthermore, using hydrogen deuterium exchange mass spectrometry to probe the 
AQP0-calmodulin interaction, we demonstrate that conformational changes in two AQP0 
extracellular loop regions accompany this interaction.  
 
3.2 Methods  
 
3.2.1 Preparation of bovine lens cortex and nucleus samples 
 
Frozen bovine lenses, 12-30 months of age (Pel-Freez Biologicals, Rogers, AK; cat no. 57114-2) 
were decapsulated and the lens cortex (~2.5 mm thickness) was separated from the nucleus. The 
cortex and nucleus samples were separately prepared. The nucleus and cortex were manually 
homogenized using a glass dounce homogenizer in cold homogenizing buffer (25 mM Tris-HCl, 
1 mM PMSF, 5 mM EDTA, 150 mM NaCl, pH 7.5), centrifuged at 100,000g for 20 minutes at 4ÁC 
and the supernatant was discarded, and the pellets retained. The pellets were resuspended in 
homogenizing buffer and centrifuged as described and the supernatant was discarded, and the 
pellet retained. The pellets were then washed with 4M urea in Tris buffer (25 mM Tris-HCl, 5mM 
EDTA, 150 mM NaCl, pH 7.5) and 8M urea in Tris buffer with each urea wash followed by 
centrifugation and the supernatant discarded as described. The pellet was then washed with 
water, cold 100 mM NaOH in Tris buffer, and water two times with each wash followed by 
centrifugation as described and the supernatant was discarded. The washed cortex and nucleus 
pellets were then flash frozen and stored at -80ÁC until use.  
 
3.2.2 Crosslinking with BS3 
 
The cortex pellet was thawed and reconstituted as a suspension in water and vortexed briefly. A 
10 ÕL aliquot was removed and combined with 10 ÕL 2.5% SDS to determine the protein 
concentration via bicinchoninic acid (BCA) assay. All BS3 crosslinked samples were prepared by 
combining the washed cortex pellet with purified bovine calmodulin (Sigma SRP6310) for a final 
concentration of ~1 Õg/ÕL cortex pellet and 3.4 Õg/ÕL calmodulin in a final buffer concentration of 
10 mM HEPES, 300 ÕM CaCl2, 30 ÕM DTT, pH 7.4. Bis(sulfosuccinimidyl)suberate (BS3; Thermo 
Scientific cat no. 21580) was added to the sample to a final concentration of 2 mM and the sample 
was incubated at room temperature for 60 minutes. To remove excess BS3 and un-crosslinked 
calmodulin, the sample was centrifuged for 10 minutes at 100,000g and the supernatant was 
discarded. The pellet was reconstituted in water, vortexed briefly and centrifuged for 10 minutes 
at 100,000g. The supernatant was discarded, and the pellet was washed once more with water, 
centrifuged, and the supernatant was discarded as described and the pellet was digested as 
detailed below. A total of two biological replicates were prepared this way. 
 
3.2.3 Crosslinking with DSS 
 
The cortex pellet was thawed and reconstituted as a suspension in water and vortexed briefly. A 
10 ÕL aliquot was removed and combined with 10 ÕL of 2.5% SDS to determine the protein 
concentration via bicinchoninic acid (BCA) assay. Recombinantly expressed human calmodulin 
(identical sequence to bovine calmodulin) was provided as a gift from Dr. Walter Chazin and was 
purified as previously described (Diaz Casas et al., 2023). Calmodulin was thawed and buffer 
exchanged to HEPES buffer (30 mM HEPES, 1 mM CaCl2, 0.1 mM DTT, pH 7.4) using an Amicon 
Ultra 0.5 mL centrifugal filter (UFC5000396; 3 kDa MWCO; Millipore Sigma). Two total samples 
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were prepared, one with calmodulin, and one without calmodulin. The sample with calmodulin 
was prepared by combining the washed cortex pellet with purified calmodulin for a final 
concentration of 2 Õg/ÕL cortex pellet and 3 Õg/ÕL calmodulin in a final buffer concentration of 10 
mM HEPES, 300 ÕM CaCl2, 30 ÕM DTT, pH 7.4. The sample without calmodulin was prepared 
the same way, but without calmodulin. Disuccinimidyl suberate (DSS; Thermo Scientific cat no. 
21655) was added to each sample to a final concentration of 1 mM and samples were incubated 
at room temperature for 60 minutes. Samples were quenched with 100 mM Tris-HCl, pH 8.0, 
vortexed briefly, and centrifuged for 10 min at 100,000g to remove excess DSS and un-
crosslinked calmodulin. The supernatant was discarded, and the pellet was reconstituted in 30 
mM HEPES, pH 7.4, vortexed briefly, and centrifuged again as described above. The supernatant 
was discarded, and the pellet was digested as described below. All reported proteins, except for 
calmodulin, were endogenous to the membrane cortical fraction. Therefore, for BS3 and DSS 
crosslinking experiments, all proteins, except for calmodulin, were prepared in the same manner 
and subjected to the same series of washes prior to crosslinking  
 
3.2.4 Digestion of crosslinked pellets 
 
Crosslinked pellets were reconstituted in digestion buffer (10% acetonitrile, 50 mM Tris-HCl, pH 
8.0) and 1 Õg of trypsin was added to each sample. The sample was vortexed briefly and digestion 
was performed at 37ÁC overnight. Peptides were desalted using the STAGE Tip method 

(Rappsilber et al., 2003) or via a C18 Sep-Pak (Waters; cat no. WAT023590). In brief, the Stage 
Tip was assembled in a P200 pipette tip. A punch from an Empore 2215- C18 disk from 3M was 
made and added to the pipette tip as a frit and C18 media (Phenomenex cat no: 04A-4053; Jupiter 
5Õm C18) was added to pack the pipette tip. The Stage Tip was washed with 0.1% formic acid 
(FA) in MilliQ water, and peptides were eluted with 70% ACN in 0.1% FA.  Peptides desalted with 
the C18 Sep-Pak were washed with 0.1% FA and eluted with 70% ACN in 0.1% FA. All eluted 
peptides were dried in a speedvac and reconstituted in 0.1% FA for LC-MS/MS analysis.  
 
3.2.5 LC-MS/MS  
 
An analytical column (360 ɛm O.D. x 100 ɛm I.D.) was packed with 20 cm of C18 reverse phase 
material (Jupiter, 3 ɛm beads, 300¡, Phenomenex) directly into a laser-pulled emitter tip. Peptides 
were loaded on the reverse phase column using a Dionex Ultimate 3000 nanoLC and 
autosampler. The mobile phase solvents consisted of 0.1% formic acid, 99.9% water (solvent A) 
and 0.1% formic acid, 99.9% acetonitrile (solvent B). Peptides were gradient-eluted at a flow rate 
of 350 nL/min, using a 90-minute gradient with gradient elution from 0.1% formic acid to 95% 
acetonitrile. On the Exploris 240, the gradient consisted of the following: 1-72 min, 2-45% B; 72-
79 min, 45-95% B; 79-81 min, 95% B; 81-82 min, 95-2% B; 82-90 min (column re-equilibration), 
2% B. For samples analyzed on the Exploris 480 and Q Exactive Plus, a similar 90-min gradient 
was performed using the following: 1-70 min, 2-45% B; 70-77 min, 45-95% B; 77-79 min, 1:2595% 
B; 79-80 min, 95-2% B; 80-90 min, 2% B. Peptides were analyzed via LC-MS/MS using a data-
dependent method on an Exploris 240, an Exploris 480, or a Q Exactive Plus mass spectrometer 
(Thermo Scientific), equipped with a nanoelectrospray ionization source.  
 
The intensity threshold for triggering data-dependent scans was set to 1e4 (Exploris 240 and 480) 
or 2.5e4 (Q Exactive Plus). For samples analyzed on the Exploris instruments, the MS2 AGC 
target was set to 1e5, dynamic exclusion was set to 10s, HCD collision energy was set to  NCE 
30, and +1, +2 and +7 charge states and above were excluded. For Q Exactive Plus analyses, 
the HCD collision energy was set to NCE 26, and + 1 and +2 charges were excluded.    
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The data-dependent acquisition method consisted of MS1 using an MS AGC target value of 3e6, 
followed by up to 20 MS/MS scans of the most abundant ions detected in the preceding MS scan. 
Raw files were analyzed by the software pLink2 (version 2.3.11) for crosslinked peptides. The 
protein database consisted of the top 50 (based on total spectral counts) bovine lens proteins and 
calmodulin. The crosslinker was set to BS3 or DSS (amine-specific reagents). Results were 
filtered with a 5% FDR cutoff. Precursor mass tolerance, +/- 10 ppm, fragment mass tolerance, 
+/- 10 ppm, peptide length 5-60, peptide mass, 600-6000. Enzyme, trypsin; maximum number of 
missed cleavages,3;  Deamidation [N] and Oxidation [M] were set as variable modifications. All 
reported crosslinked peptides were confidently identified via manual inspection of MS/MS spectra. 
The crosslinking spectra in the Appendix were generated using pLink2 software. To avoid 
congestion of peak labels within  each figure, the masses were reported to two decimal points, 
however it is important to note that all crosslinked spectra were acquired at high-resolution, and 
accuracy is to four decimal points. Crosslinked peptides in Figure 3.4 were labeled as Ŭ- and Ç-
chains following Schilling et al. (2003); however, crosslinked peptides in the Appendix figures 
were automatically labeled by the pLink2 software as ñaò rather than ñŬò and ñbò rather than ñÇò . 
Crosslinked peptides were ranked as high confidence if they were identified in at least three 
crosslinking experiments  and medium confidence if they were identified in two crosslinking 
experiments. 
 
3.2.6 AQP0 purification via anion-exchange chromatography 
 
The bovine nucleus pellet was thawed and purified as previously described (Harvey et al., 2022). 
The pellet was resuspended in 2% n-octyl-Ç-D-glucopyranoside (OG) (RPI; cat no. N02007) in 
Tris buffer (25 mM Tris-HCl, pH 7.4), vortexed, incubated on ice for a minimum of 30 minutes and 
centrifuged at 100,000g for 10 min at 4ÁC. The supernatant was loaded onto a self-packed anion 
exchange column (Source 15Q; GE Healthcare 17-0947-20) and AQP0 was purified via the 
following step gradient at 0.70 mL/min : 0-10 min (100% buffer A: 25 mM Tris-HCl, 1% OG, pH 
7.5), 10-20 min (92.5% buffer A and 7.5% buffer B: 2M NaCl, 25 mM Tris-HCl, 1% OG, pH 7.5) 
and 20-30 minutes (85% buffer A and 15% buffer B). Proteins were detected by 220 nm 
absorbance. All AQP0 peaks were combined and concentrated using a 4 mL Amicon Ultra 
centrifugal filter (Amicon; 50 kDa MWCO) and protein concentration was measured via BCA as 
outlined above.  
 
3.2.7 Hydrogen deuterium exchange mass spectrometry 
  
The AQP0 complex (purified AQP0 and recombinantly purified calmodulin) contained a final 
concentration of 44 ÕM AQP0 for both biological replicates, and 110 ÕM-210 ÕM of calmodulin, in 
equilibration buffer (25 mM Tris-HCl, 1 mM CaCl2, 1% OG, pH 7.5). The AQP0 sample, without 
calmodulin, contained 44 ÕM of AQP0 in equilibration buffer. For the AQP0-calmodulin complex 
sample, HDX was initiated by a 10x dilution with labeling buffer (25 mM Tris-HCl, pD 7.5, 1 mM 
CaCl2, 1% OG, D2O) containing 300 ÕM calmodulin. For the AQP0 sample, HDX was initiated by 
a 10x dilution with labeling buffer. Samples were incubated for 0.083, 1, 10, or 30 minutes at room 
temperature. At the specified time points, 10 ÕL of sample was removed and immediately 
quenched with 10 ÕL of ice-cold quench buffer (25 mM Tris-HCl, 4M guanidine hydrochloride, 1% 
OG, pH 1.6-1.8) and immediately flash frozen on dry-ice and stored at -80ÁC. Non-deuterated 
samples were prepared as described above in non-deuterated labeling buffer. Each sample was 
independently thawed, digested, and analyzed via LC-MS/MS (samples were injected in non-
consecutive order). Each sample was thawed for 60 seconds in a water bath maintained at 6-7ÁC 
and subsequently digested off-line 1:1 (protein:pepsin) with porcine pepsin (Sigma-Aldrich P6887) 
for three minutes in a water bath maintained at 16.5-17ÁC. The sample was then manually injected 
onto an ACQUITY UPLC system with a refrigerated HDX manager (Waters, Milford, 
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Massachusetts, USA) and transferred in 0.1% FA to an ACQUITY UPLC BEH C18 VanGuard Pre-
column (2.1 mm x 5 mm; 1.7 Õm) where peptides were desalted for 5 minutes at 0ÁC at a flow 
rate of 150 ÕL/min. Peptides were then separated on an ACQUITY UPLC BEH C18 (1.0 mm x 
100 mm; 1.7 Õm) column at a flow rate of 40 ÕL/min with the following linear gradient: 0-8 min: 
35% solvent B, 8-9.5 min: 65% solvent B, 9.5-11.25 min: 95% solvent B. Solvent A consisted of 
aqueous, 0.1% FA and solvent B consisted of ACN, in 0.1% FA. Two or more blanks were run 
between each sample to minimize carryover. The eluate was directly infused into a Xevo G2-XS 
quadruple-time of flight (Q-TOF) mass spectrometer (Waters, Milford, Massachusetts, USA) 
equipped with a Z-spray electrospray source. MS scans were acquired in positive ion mode 
between 273.5 and 2,000 m/z in data independent (MSE) mode with a collision ramp energy of 
25-35 eV for all analyses. Using a database containing the amino acid sequences of AQP0, 
calmodulin, phosphorylase B, and bovine serum albumin, peptides from non-deuterated samples 
were identified using Waters ProteinLynx Global Server 3.0.3 software and deuterium uptake was 
calculated using DynamX 3.0 software. AQP0 peptides with changes in deuterium uptake are 
defined by at least one time point with >0.5 Da Ñ 3.0 standard deviations (Houde et al., 2011). 
Distances between the two crosslinked CŬ (alpha carbon of protein backbone) were mapped on 
the AQP0-calmodulin EM structure (PDB: 3J41) and reported in Table 1. Figure 3.2 provides the 
distance measurements of AQP0-calmodulin mapped on the AQP0-calmodulin EM structure.  
 
3.3 Results  
 
Using a crosslinking mass spectrometry strategy that examined crude lens cortical membrane 

preparations, AQP0 was observed to interact with eight different lens proteins via three distinct 
AQP0 regions: the cytosolic C-terminal Ŭ-helix, the distal disordered C-terminal tail, and the 
cytosolic N-terminus. Specific interactions with individual protein partners are described below. 
Figure 3.1 provides diagrams of each protein described below and regions of interaction identified 
in this study. Samples were crosslinked with the non-membrane permeable crosslinker, BS3 and, 
separately, with its membrane permeable counterpart, DSS. Both crosslinkers, predominantly 
reactive towards primary amines, are homo-bifunctional, non-cleavable and have a spacer arm 
length of 11.4 ¡ (Rappsilber et al. 2003).  
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Figure 3.1: 2-D schematic representations of all reported proteins. A) Diagram of AQP0 

structure. Loops are labeled A-E, CBD represents the calmodulin binding domain, and 

orange stars represent the regions of crosslinked residues. B) Diagram of general 

calmodulin structure. All four Ca2+ EF-hand regions are colored in red. Green represents 

regions of CaM residues that were crosslinked with AQP0. C) Diagram of Ŭ-crystallin 

structure. Blue represents regions in ŬB-crystallin that were crosslinked with AQP0, and red 

represents residue 166, in both ŬA- and ŬB- crystallin, that was found crosslinked with 

AQP0. D) Diagram of general intermediate filament structure. Phakinin is naturally tailless so 

the dashed line in the tail region reflects absence of a tail for phakinin specifically. Blue 

represents regions in phakinin that were crosslinked with AQP0, green represents regions in 

vimentin that were crosslinked with AQP0, and red represents residue 367 in filensin that 

was crosslinked with AQP0. E) Diagram of general connexin structure. Green star 

represents residue G2 in Cx46 that was crosslinked with AQP0. Pink star represents residue 

K105 in Cx46 and/or Cx50 that was crosslinked with AQP0. Blue star represents the region 

of Cx50 residues that were crosslinked with AQP0.   
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3.3.1 Identification of crosslinked peptides between calmodulin and AQP0  
 
Since calmodulin is an established AQP0 interacting partner with numerous studies supporting 
this interaction (Girsch and Peracchia, 1991, Kreida et al. 2018; Nemeth-Cahalan et al. 2004; 
Rose et al. 2008; Schilling et al. 2003) and because an AQP0-CaM EM structure (Diaz Casas et 
al. 2023) is available to validate the crosslinked peptides, we employed calmodulin as a positive 
control. Our sample preparation method intentionally removed many soluble proteins, including 
CaM, therefore we spiked-in full-length calmodulin into most samples. As expected, several 
AQP0-calmodulin crosslinked peptides were identified and crosslinked residues are within the 
recommended maximum distance cut-off of 26-30 ¡ for BS3 and DSS (Merkley et al. 2014). 
Specific results involving the AQP0-CaM interaction are reported in Table 3.1 and Figure 3.1B 
provides a 2-D schematic of the location of the identified crosslinked residues on the CaM 
structure.  
 
A previous chemical crosslinking mass spectrometry study from the Schey lab used an AQP0 
peptide to characterize its interaction with calmodulin (Rose et al. 2008). This study reported that 
the AQP0 C-terminal peptide interacted with CaM at glutamic acid residues 84 and 14, and at 
aspartic acid residues 78 and 80 using the zero-length crosslinker,1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (Rose et al. 2008). Compared to this previous work, the 
current study employed a full length AQP0 and full-length calmodulin, with homo-bifunctional 
crosslinkers having a spacer arm length (11.4 ¡) that allowed for a wider range of residues to be 
surveyed. Our current study shows that AQP0 was still found to interact with calmodulin in the 
linker region (K77 and K94) in agreement with our previous observations. Specifically, AQP0 
crosslinked with five different CaM lysine residues, three of which, K21, K30, and K94, reside in 
the canonical EF-hand motifs (specifically, EF hand 1 and 3) of CaM. AQP0 also interacted with 
CaM residues K77 and K148 which are found in the CaM interdomain linker (IL) region and distal 
C-terminus, respectively. AQP0 lysines 228 and 238, both located in the calmodulin binding 
domain (CBD), as well as Met 1, were three of the four AQP0 residues involved with the CaM 
interaction. The fourth AQP0 residue, Lys 259 located in the distal disordered region of the AQP0 
C-terminus was crosslinked with lysine 21 on CaM. Met 1 of AQP0 crosslinked with three different 
lysine residues on calmodulin revealing that the AQP0 N-terminus is also involved in the CaM 
interaction (Table 3.1).  
 
To validate the identified AQP0-CaM crosslinked peptides in this study, each one was mapped 
onto a pseudoatomic EM structure of the AQP0-CaM complex (PDB: 3J41; (Reichow et al. 2013)) 
and the distance between the two interacting alpha carbons of the protein backbone (CŬ-CŬ) were 
measured using the software PyMOL (Figure 3.2) maps these distances on the AQP0-calmodulin 
EM structure). All the measurable AQP0-CaM distances (Table 3.1) were within the 
recommended maximum distance cut-off, 26-30 ¡ (Merkley et al. 2014), for BS3 and DSS thus 
validating our crosslinking method. The Met 1 residue of AQP0 was not present in the existing 
EM structure  and thus distances for peptides containing the Met 1 crosslink could not be 
measured and were labeled N/A. Tandem mass spectra for all reported AQP0-CaM crosslinked 
peptides are available in Appendix Figures 1-11.  
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Figure 3.2: Distance measurements of calmodulin-AQP0 crosslinks mapped 
onto the AQP0-CaM EM structure and reported in Table 3.1. 
 
Distances between the two crosslinked CŬ (alpha carbons of protein backbone) 
were mapped onto the AQP0-calmodulin EM structure (PDB: 3J41) for each 
crosslink reported in Table 1. Distances were measured from CaM (pink) to 
subunit 1 of AQP0 (dark blue) in (A) and to subunit 2 of AQP0 (light blue) in (B). 
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3.3.2 Analysis of the AQP0-calmodulin interaction via HDX-MS  
 
To validate the AQP0-protein interactions determined by XL-MS, I established a method to 
analyze these interactions via HDX-MS using calmodulin as a model AQP0 interacting protein. 
The HDX reaction of CaM bound AQP0 versus unbound AQP0 was analyzed at four time-points 
(0.083, 1, 10 and 30 minutes) in the presence of 25 mM Tris-HCl, pD 7.5, 1 mM CaCl2, 1% OG, 
D2O.  The reported dissociation constant, Kd, of the interaction between AQP0 and CaM varies 
between 40 ÕM (Kd1), 2.5 ÕM (Kd2) (Kreida et al., 2018) to below 100 nM (Zhang et al., 2020). 
Therefore, following a recent publication on HDX-MS for weak binders (Hamuro and Coales, 
2022), we spiked CaM in the exchange buffer at a relatively high CaM:AQP0 ratio (2:1 to 4:1) and 
conducted the HDX reaction in a small volume (40-50 ÕL).  
 
The AQP0-CaM complex showed a reduction in deuterium uptake in four distinct AQP0 regions 
compared to unbound AQP0 (Figure 3.3). The first region involved residues in the AQP0 C-
terminal Ŭ-helix, i.e., the canonical CBD (residues 223-242) (Girsch and Peracchia, 1991) where, 
as expected, a clear reduction in deuterium uptake between the AQP0 unbound and bound forms 
was observed. For instance, the KSVSERL peptide (residues 228-234), which spans roughly half 
of the C-terminal Ŭ-helix, showed reduced deuterium incorporation in the CaM bound form. This 
HDX-MS result supports previous findings (Rose et al., 2008) as well as our current XL-MS results 
that CaM specifically interacts with the AQP0 CBD region. The more distal C-terminal region, 
AQP0 peptide SILKGSRPSESNGQPEVTGEPVEL (residues 235-258), which includes the final 
portion of the C-terminal Ŭ-helix and most of the C-terminal tail, also displayed reduced deuterium 
incorporation in the bound form. Although, we are unable to determine which specific residues 
within this peptide were protected during the interaction with CaM, based on our current XL-MS 
results, CaM interacts with both the AQP0 C-terminal Ŭ-helix and the distal C-terminal tail, so it is 
feasible that the interaction interface extends beyond the CBD into the distal C-terminal tail. 
Relative changes in deuterium uptake were also observed in AQP0 peptide YSVTPPAVRGNL 
(residues 105-116), which represents the beginning amino acid residues of extracellular loop C. 
Our results show reduced deuterium uptake for this region, suggesting that a conformational 
change occurs during the AQP0-CaM interaction that reduces solvent accessibility in this area. 
Additionally, the AQP0 peptide TRNFTNHWVYWVG (residues 195-207), which includes all 
extracellular loop E and the beginning region of the sixth transmembrane domain, showed some 
reduction in deuterium incorporation in the presence of CaM suggesting that this region also 
undergoes a conformational change during the interaction. Furthermore, the AQP0 region 
containing residues 178-184, which includes the highly conserved NPA (asparagine-proline-
alanine) motif, colored in light red in Figure 3.3, showed an increase in deuterium uptake in the 
presence of CaM.  
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Relative Fractional Uptake: AQP0+Calmodulin – AQP0

-35% 35%

Figure 3.3: Hydrogen deuterium exchange mass 
spectrometry heat map for CaM binding to AQP0. Relative 
fractional deuterium uptake difference at the 30-minute time 
point is mapped onto the crystal structure of AQP0 (PDB: 
2B6P). AQP0 is colored from blue to red based on the relative 
fractional deuterium uptake difference (%). The color scale 
corresponds to the highest observed difference and is 
adjusted to the range of ī35% to 35%. Regions with no 
deuterium uptake difference or with no peptide measurements 
are shown in white. Red asterisks represent regions that were 
found to interact with lens proteins via crosslinking.   
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3.3.3 Identification of crosslinked peptides between α-crystallin and AQP0  
 
Four AQP0-ŬB-crystallin crosslinked peptides were identified near the Ŭ-crystallin domain (ACD) 
region (Table 3.2). Figure 3.1C provides a 2-D schematic of the location of these crosslinked 
residues on the Ŭ-crystallin structure. Our results show that ŬB-crystallin interacts with the N-

terminus of AQP0 (Met 1), and AQP0 lysines 228 and 238 located in the AQP0 alpha-helical C-
terminus region. Additionally, we observed AQP0 crosslinked with ŬA- and ŬB-crystallin lysine 166 
located in the flexible C-terminal extension suggesting that the central and C-terminal regions of 
Ŭ-crystallin may be nestled between the AQP0 N- and C-termini allowing for this dual interaction. 
Bovine ŬA-crystallin contains one N-terminal lysine (K11) and ŬB-crystallin lacks N-terminal 
lysines, therefore if the Ŭ-crystallin N-terminus was involved in the AQP0 interaction, we were 
unable to capture this interaction since the crosslinkers used in these experiments are mainly 
reactive towards lysine residues and primary amines (i.e. N-terminal amino acid). Tandem mass 
spectra for all reported AQP0-Ŭ-crystallin crosslinked peptides are available in Appendix Figures 
12-23.  
 
 

αB-crystallin XL peptide 
(residues) 

AQP0 XL peptide (residues) Crosslinked 
residues (αB-

crystallin-AQP0) 

Confidence 

KQASGPER (150-157) LKSVSER (227-233) K(150)-K(228) High 

KQASGPER (150-157) LSILKGSR (234-241) K(150)-K(238) High 

KQASGPER (150-157) MWELR (1-5) K(150)-M(1) High 

EEKPAVTAAPK (164-174) LKSVSER (227-233) K(166)-K(228) High 

EEKPAVTAAPK (164-174) MWELR (1-5) K(166)-M(1) High 

FSVNLDVKHFSPEELK (75-90) LKSVSER (227-233) K(82)-K(228) High 

FSVNLDVKHFSPEELK (75-90) LSILKGSR (234-241) K(82)-K(238) High 

VKVLGDVIEVHGK (91-103) MWELR (1-5) K(92)-M(1) High 

VKVLGDVIEVHGK (91-103) LSILKGSR (234-241) K(92)-K(238) Medium* 

LEKDR (70-75) MWELR (1-5) K(72)-M(1) High 

LEKDR (70-75) LKSVSER (227-233) K(72)-K(228) High 

αA-crystallin XL peptide 
(residues) 

AQP0 XL peptide (residues) Crosslinked 
residues (αA-

crystallin-AQP0) 

Confidence 

EEKPSSAPSS (164-173) LKSVSER (227-233) K(166)-K(228) High 

 

Table 3.2: Summary of αB- and αA-crystallin-AQP0 crosslinked peptides. Crosslinked 

peptides identified with both BS3 and DSS crosslinkers. High confidence peptides were 

identified in three or more experiments. Medium confidence peptides were identified in two 

experiments. Asterisk indicates crosslinked peptide observed only with the DSS crosslinker. 

Crosslinked residues are in bold.  
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3.3.4 Identification of crosslinked peptides between intermediate filaments and AQP0 
 
Three of the most highly expressed intermediate filaments in the lens (Song et al. 2009), 
phakinin/CP49 or beaded filament specific protein 2 (BFSP2), filensin or beaded filament specific 
protein 1 (BFSP1) 
 

 
 
 
 
 
 
 
 

Vimentin XL peptide 
(residues) 

AQP0 XL peptide (residues) Crosslinked residues 
(vimentin-AQP0) 

Confidence 

TNEKVELQELNDR (101-113) LKSVSER (227-233) K(104)-K(228) High 

TNEKVELQELNDR (101-113) MWELR (1-5) K(104)-M(1) High 

FANYIDKVR (114-122) LKSVSER (227-233) K(120)-K(228) High 

FANYIDKVR (114-122) MWELR (1-5) K(120)-M(1) High 

Phakinin XL peptide (residues) AQP0 XL peptide (residues) Crosslinked residues 
(phakinin-AQP0) 

Confidence 

AQTQEEKLAAALR (306-318) MWELR (1-5) K(312)-M(1) High 

LQAGALLQAKQQQAELAR (288-
305) 

LKSVSER (227-233) K(297)-K(228) High 

MHLESKATR (138-146) MWELR (1-5) K(143)-M(1) Medium 

DVEKNR (282-287) MWELR (1-5) K(285)-M(1) Medium* 

LQAGALLQAKQQQAELAR (288-
305) 

MWELR (1-5) K(297)-M(1) Medium 

Filensin XL peptide (residues) AQP0 XL peptide (residues) Crosslinked residues 
(filensin-AQP0) 

Confidence 

GLPKNLPR (364-371) 
PSESNGQPEVELKTQAL 

(242-263) 
K(367)-K(259) High 

 

 

Table 3.3: Summary of intermediate filament-AQP0 crosslinked peptides. Crosslinked 

peptides identified with both BS3 and DSS crosslinkers. High confidence peptides were 

identified in three or more experiments. Medium confidence peptides were identified in two 

experiments. Asterisk indicates crosslinked peptide observed only with the BS3 crosslinker. 

Crosslinked residues are in bold.  
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and vimentin, were observed to interact with AQP0. Five unique AQP0-phakinin crosslinked 
peptides were identified in this study with all phakinin crosslinked residues located in the rod 
domain (Table 3.3). Four of the five phakinin crosslinked peptides involved AQP0 Met 1 and one 
phakinin residue crosslinked with Lys 228 of the AQP0 C-terminal Ŭ-helical region. In this study, 
two vimentin residues near the start of the rod domain, Lys 104 and Lys 120, were each 
crosslinked with AQP0 Met 1 and Lys 228 for a total of four AQP0-vimentin crosslinked peptides 
(Table 3.3). This is the first reported interaction between vimentin and AQP0 as discussed below. 
A tandem mass spectrum of a quadruply charged crosslinked peptide between vimentin and 
AQP0 is displayed in Figure 3.4.  Finally, the inner tail region (K367) of filensin crosslinked with 
the distal C-terminal tail of AQP0 (Table 3.3).  Figure 3.1D provides a 2-D schematic of the 
location of phakinin, vimentin and filensin crosslinked residues on the intermediate filament 
structure. Tandem mass spectra for all reported AQP0-IF crosslinked peptides are available in 
Appendix Figures 24-33.  
 
 

 
 
 
 

 

Figure 3.4: Tandem mass spectrum of a crosslinked vimentin-AQP0 peptide. Tandem 

mass spectrum of a quadruply charged crosslinked peptide [M+4H]4+ m/z 636.5835 between 

vimentin K104 and AQP0 K228. The first and last amino acid residues of the peptides are 

labeled. Crosslinked peptides were labeled as Ŭ- and Ç-chains following Schilling et al., 2003. 

Vimentin and AQP0 are assigned the Ŭ-chain and Ç-chain, respectively and only b- and y-ions 

are annotated. The crosslinked peptide is shown with the identified b- and y-ions labeled in 

orange and blue, respectively.  
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3.3.5 Identification of crosslinked peptides between AQP0 and connexins 
 

Our results show that AQP0 interacts with two gap junctional proteins, connexin-50 (Cx50) and 
connexin-46 (Cx46). Five unique AQP0-Cx50 crosslinked peptides were identified. Two Cx50 
residues, Lys 244, Lys 271, localized to the beginning segment of the Cx50 C-terminal tail, 
crosslinked with AQP0. Specifically, Cx50 Lys 271 crosslinked with both AQP0 N- and C-terminal 
residues (M1, K228, K238) and Cx50 Lys 244 crosslinked with AQP0 Met 1 (Table 3.4). Cx50 Lys 
310, also located in the cytosolic C-terminal tail, was observed to crosslink with AQP0 K228. Our 
results also show Lys 105 of peptide MEEKR, located in the intracellular loop of both Cx46 and 
Cx50, crosslinked with AQP0 Met 1. Given the identical sequence in both connexins, we  
 
 

Table 3.4: Table of connexin-AQP0 crosslinked peptides. 
 
Crosslinked peptides identified with both BS3 and DSS crosslinkers. High confidence peptides 
were identified in three or more experiments. Medium confidence peptides were identified in two 
experiments. The MEEKR amino acid sequence is present in both Cx46 and Cx50. Crosslinked 
residues are in bold.  
 
 
 
 
 
 
 
 
 
 

CX50 XL peptide (residues) AQP0 XL peptide 
(residues) 

Crosslinked residues 
(CX50-AQP0) 

Confidence 

AKGYQLLEEEK (270-280) LSILKGSR (234-241) K(271)-K238) High 

AKGYQLLEEEK (270-280) MWELR (1-5) K(271)-M(1) High 

PFSQFEEKVGPGPLGDLSR (303-
321) 

LKSVSER (227-233) K(310)-K(228) Medium 

SAFKRPVEQPLGEIPEK (241-257) MWELR (1-5) K(244)-M(1) Medium 

AKGYQLLEEEK (270-280) LKSVSER (227-233) K(271)-K(228) Medium 

MEEKR (102-106) MWELR (1-5) K(105)-M(1) High 

CX46 XL peptide (residues) AQP0 XL peptide 
(residues) 

Crosslinked residues 
(CX46-AQP0) 

Confidence 

GDWSFLGR (2-9) LKSVSER (227-233) G(2)-K(228) High 

GDWSFLGR (2-9) LSILKGSR (234-241) G(2)-K(238) High 

MEEKR (102-106) 
MWELR (1-5) K(105)-M(1) High 
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could not distinguish which one, or if both, interacts with AQP0.  The N-terminal tail Gly 2 residue 
of Cx46 was crosslinked with AQP0 lysine residues 228 and 238. Figure 3.1E provides a 2-D 
schematic of the location of Cx50 and Cx46 crosslinked residues on the connexin structure. 
Tandem mass spectra for all reported AQP0-connexin crosslinked peptides are available in 
Appendix Figures 34-41.  
 
 
3.4 Discussion 

 
This study aimed to identify AQP0 binding partners in the bovine lens and to elucidate the regions 
of proteins that are involved in the interaction. We leveraged the fact that AQP0 is the most 
abundant protein in the lens and devised a simple, but effective sample preparation method that 
enabled the enrichment of membrane and cytoskeletal proteins, most importantly full-length 
AQP0, prior to crosslinking with two different chemical crosslinkers. Furthermore, a workflow to 
validate our reported AQP0-protein interactions was established using HDX-MS. This study 
advances our understanding of the lens AQP0 interactome at a protein residue level and, more 
broadly, contributes to our overall understanding of the regulatory points of interaction of this 
abundant water channel. We discuss each interacting partner and potential functional 
consequences below. 
 
3.4.1 Calmodulin 

 
Calmodulin, an extensively studied and highly conserved protein, functions as the principal Ca2+ 
sensor in eukaryotic cells (Halling et al., 2016) and in doing so, regulates hundreds of proteins, 
amongst them membrane proteins, such as ion channels and aquaporins (Kovalevskaya et al., 
2013; Tºrnroth-Horsefield et al., 2022) . Each of the four calcium binding EF hands of calmodulin 
are composed of a helix-loop-helix motif and possess unique sequences and different biophysical 
properties suggested to contribute to CaM functional diversity (Halling et al., 2016). Calmodulin 
displays ñcanonical bindingò when it associates with targets at a 1:1 ratio (Kovalevskaya et al., 
2013). However, previous studies have established a non-canonical interaction between AQP0 
and calmodulin where one calmodulin molecule binds, in an anti-parallel orientation, to two AQP0 
C-terminal helices within the same AQP0 tetramer, or a 2:1 ratio (Reichow and Gonen, 2008). 
Initial experiments using liposome swelling assays suggested that calmodulin binding to AQP0 
decreased its water permeability (Girsch and Peracchia, 1985) and later studies confirmed that 
pH and Ca2+ (via CaM) can regulate AQP0 water permeability (Nemeth-Cahalan and Hall, 2000; 
Nemeth-Cahalan et al., 2004). AQP0 C-terminal phosphorylation was shown to inhibit calmodulin 
binding providing an additional means by which AQP0 permeability is regulated (Reichow and 
Gonen, 2008; Rose et al., 2008). Interestingly, a recent study by Kreida et al. (2024), not only 
validated previous studies that CaM binding reduces AQP0 permeability but showed that CaM 
binding to AQP0 is differentially regulated by site-dependent phosphorylation of AQP0.  
 
Compared to our previous work, the current study employed a different sample preparation 
method to examine the interaction of endogenous, full length AQP0 and full-length calmodulin, 
with homo-bifunctional crosslinkers having a spacer arm length (11.4¡ ) that allowed for a wider 
range of residues to be surveyed. Our results show that AQP0 crosslinked with 5 different CaM 
lysine residues, three within the canonical EF-hand motifs of CaM, one and two in the CaM flexible 
linker region, and one in the distal C-terminus. We previously reported that an AQP0 C-terminal 
peptide interacted with CaM at glutamic acid residues 84 and 14, and at aspartic acid residues 
78 and 80 using the EDC crosslinker (Rose et al., 2008). Despite differences in sample 
preparation and crosslinkers used in this study, AQP0 was still found to interact with calmodulin 
in the linker region (K77 and K94) in agreement with our previous observations. This flexible 
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central linker region in calmodulin is dynamic and assumes an array of conformations enabling it 
to bind targets in various orientations (Villalobo et al. 2018). However, unlike the previous EDC 
work, this study employed crosslinkers containing a linker (11.4¡) with a broad range of motion 
which allowed for more interaction sites to be probed. New calmodulin interacting sites were also 
identified in this study, K21, K30 and K148, likely because the samples contained endogenous, 
full length AQP0 and thus a greater variety of molecular contacts could be assessed. Interestingly, 
we observed that CaM interacts with the AQP0 N-terminus, and perhaps, rather than acting as a 
bone fide calmodulin binding domain (CBD), this short unstructured AQP0 N-terminal tail may 
instead play an auxiliary role to help guide and orient interacting proteins. A recent report using 
AQP4 peptides showed that AQP4 employs both its N- and C-termini to bind CaM (Ishida et al., 
2021).  Calmodulin binding prediction software predicts that AQP4, as well as other human 
aquaporins, contains an N-terminal alpha-helical CBD; however, AQP0 has a short N-terminal 
sequence composed of ~8 amino acids that is not a predicted CBD (Ishida et al., 2021). One 
limitation of the current study is that the crosslinkers used only  predominantly target primary 
amines, and thus other regions of interaction between AQP0 and its partners that do not contain 
primary amines will not be captured by this technique. Despite this limitation, interactions with 
both N- and C-terminal regions of AQP0 were detected.  
 
In addition to water transport, AQP0 functions as a cell adhesion molecule (Kumari and Varadaraj, 
2009) in the lens and proteolytic cleavage of the AQP0 C-terminal tail is believed to prompt a 
switch in function from water transport to cell adhesion (Gonen et al., 2004; Gonen et al., 2005). 
The AQP0 N- and C- termini interact with each other in non-junctional AQP0, but these same 
interactions are abolished in the truncated form (Gonen et al., 2005). It was proposed that the 
elimination of the interaction between the two AQP0 cytoplasmic termini is associated with a 
conformational change in extracellular loop A (Gonen et al., 2005). Transmission electron 
microscopy (TEM) of double-layered 2D crystals of junctional AQP0 revealed that extracellular 
loops A and C interact with neighboring AQP0 tetramers in (Gonen et al., 2005). Interestingly, our 
HDX-MS data show that upon incubation with CaM, deuterium uptake in four distinct AQP0 
regions is reduced: the C-terminal Ŭ-helical region, the distal C-terminal tail, and extracellular 
loops C and E. The cytoplasmic C-terminal Ŭ-helical segment as well as the distal tail displayed 
the greatest difference in relative deuterium uptake in the CaM bound state compared to AQP0 
alone. The AQP0 C-terminal Ŭ-helical region is an established CaM binding site; however, our 
HDX-MS and XL-MS data suggest that the distal AQP0 C-terminal tail also participates in this 
interaction. AQP0 loops C and E showed reduced deuterium uptake in the CaM bound state 
compared to AQP0 alone, suggesting that small conformational changes in these regions may 
occur during the interaction. It was shown that loop A undergoes a rearrangement in the junctional 
AQP0 structure vs non-junctional; however, both AQP0 termini were cleaved in the junctional 
structure (Gonen et al., 2005). It is possible that CaM binding impacts the interaction interface 
between the AQP0 extracellular loops and neighboring AQP0 tetramers, potentially impacting 
AQP0ôs cell adhesion role. Alternatively, it has been postulated that positively charged residues 
in AQP0 extracellular loops A, C, and E are involved in the AQP0-plasma membrane interaction 
(Li et al., 2022) and therefore CaM binding with AQP0 could impact this interaction. We are unable 
to eliminate the possibility in our study that, in addition to the C-terminal tail, CaM artifactually 
interacted with the extracellular loops, thus further experiments are needed. As mentioned above, 
the crosslinking reagents used in this study are reactive towards primary amines and since AQP0 
does not contain lysines in its intra- or extracellular loops, we could not use our crosslinking 
findings to rule out this possibility  . Furthermore, although molecular dynamics simulations 
suggested that CaM also interacts with the AQP0 arginine-rich loop D (Fields et al., 2017), we 
were unable to analyze deuterium uptake in other AQP0 regions such as the N-terminus, 
extracellular loop A, and intracellular loops B and D due to missing sequence coverage that is 
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likely due to the presence of detergent and high relative concentrations of CaM that could interfere 
with LC-MS/MS analysis. 

 
3.4.2 α-crystallins 

 
Crystallins are a family of highly abundant water-soluble proteins in the lens also present in non-
ocular tissues, such as the heart and brain (Bhat et al. 1989; Sprague-Piercy et al. 2021). The Ŭ-
crystallins belong to the small heat shock protein (sHSP) family known to associate with misfolded 
proteins to prevent aggregation, a function that is critical to maintaining lens transparency 

(Horwitz, 1992). In the lens, ŬA- and ŬB-crystallin, associate to form hetero-oligomers often 
present at a 3:1 ratio, respectively, in vertebrates (Reddy et al. 2006) and together play an 
important role in maintaining lens transparency and cellular proteostasis (Shashidharamurthy et 
al. 2005; Hayashi and Carver, 2020). Confocal fluorescence resonance energy transfer (FRET) 
experiments (Liu and Liang, 2008) and thermal denaturation assays (Swamy-Mruthinti et al. 2013) 
have confirmed the interaction between AQP0 and lens Ŭ-crystallins; however, knowledge of the 
precise regions involved in these AQP0-Ŭ-crystallin interactions is largely lacking. Several studies 
have characterized the binding regions and structural properties of Ŭ-crystallin (Hayashi and 
Carver, 2020; Carver et al. 2017). For instance, the N- and C- terminal regions of human ŬB-
crystallin have been reported to play a role in substrate recognition and selection (Ghosh et al. 
2006) and studies have identified residues 73-92 (DRFSVNLDVKHFSPEELKVK) of ŬB-crystallin 
as the key region responsible for its chaperone activity (Bhattacharyya et al. 2006). Protein 
aggregation assays revealed that the Ŭ-crystallin domain (ACD) also displays chaperone activity 

(Hochberg et al. 2014).  In agreement with these findings, we observed that AQP0 interacts with 
ŬB-crystallin in regions involving lysine residues 72, 82, 92, and 150 all of which are around the 
ACD (residues 66-148 (Hayashi and Carver, 2020). A fifth ŬB-crystallin residue, Lys 166, located 
in the dynamic C-terminal extension was found to crosslink with the Ŭ-helical C-terminal region of 
AQP0. Interestingly, Lys 166 in ŬA-crystallin also crosslinked with AQP0 in this same region. It 
has been proposed that the flanking regions of sHSPs, including the C-terminal extension, may 
help ólassoô or capture target proteins as well as prevent aggregation of Ŭ-crystallin with itself  

(Carver et al. 2017). Remarkably, ŬB-crystallin Lys residues 92 and 166, both found to interact 
with the AQP0 N- and C-termini in our experiments, are sites of acetylation in the human lens 

(Najaraj et a. 2012). Nagarj et al. (2012) demonstrated that acetylation of ŬA-crystallin impacted 
its chaperone function and thus, it is possible that in addition to chaperone action, the interaction 
between ŬB-crystallin and AQP0 in the lens may temporarily shield Ŭ-crystallin regions from 
modification.  
 
3.4.3 Intermediate filaments 

 
Intermediate filaments (IFs) are cytoskeletal proteins present in most cells that help maintain 
proper cellular organization and serve as scaffolds in the cytoplasm and nucleus (Kim and 
Coulombe, 2007). The lens specific IFs, phakinin (CP49) and filensin, co-assemble to form lens 
specific beaded filaments (BFs) that play an important role in lens transparency, cellular 
organization, and structure (Song et al., 2009; Fitzgerald, 2009). Mutations in just one of these 
proteins result in cataracts (Song et al., 2009).  
 
Indirect, affinity purification, studies have identified both BF proteins as interacting partners of 
AQP0 and identified the distal C-terminal region of AQP0 as the site of interaction for these two 
proteins (Wang and Schey, 2017; Lindsey et al., 2006). However, it has not been established 
whether there is a direct interaction between AQP0 and phakinin. Our XL-MS results demonstrate, 
for the first time, a direct interaction between phakinin and AQP0. Of the five unique AQP0-
phakinin crosslinked peptides identified, four involved interactions with the AQP0 N-terminus Met 
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1 supporting the notion that the N-terminus participates in protein complex formation (Table 2). 
All phakinin crosslinked residues reside in the rod domain suggesting this region is important for 
protein interactions. Interestingly, phakinin Arg 287 is a highly conserved residue (Perng et al. 
2007) and our results show that three residues away, Lys 284 crosslinks with AQP0, suggesting 
that this may be a region in phakinin important for protein interactions. It has been proposed that 
the AQP0-phakinin interaction is important for maintaining proper fiber cell organization and shape 

(Lindsey Rose et al., 2006), but functional studies are needed to determine the precise role of this 
interaction.  
 
Permeability studies revealed that the filensin tail region interacts with AQP0 to reduce its water 
permeability in lens fiber cells (Nakazawa et al., 2011). Previous XL-MS experiments, using the 
zero-length crosslinker, EDC, to probe the AQP0-filensin interaction, localized the site of 
interaction to the distal C-terminal tail of AQP0 (Glu 250) and Lys 454 in the filensin tail region 

(Wang and Schey, 2017). In the current study, we report filensin Lys 367, located in the inner tail 
region, crosslinked with AQP0 Lys 259 (Table 2). Akin to previous results, the AQP0 distal C-
terminal tail interacts with the filensin tail, but in this study, we show that interaction can occur at 
the beginning of the filensin tail, before the major truncation site (D431) in the bovine lens (Wang 
and Schey, 2010). Filensin co-polymerizes, via its rod domain, with phakinin (Goulielmos et al., 
1996; Sandilands et al., 1995) so it is conceivable that when filensin is in complex with CP49, it 
associates with AQP0 in the cortical membrane. Based on our results, we do not know if during 
this specific interaction with AQP0, filensin is in the truncated (53 kDa fragment) or full-length 
form. The proteolytic 53-kDa filensin fragment, reported to assemble with CP49 (Wang et al. 
2010), still contains a portion of the inner tail domain (Goulielmos et al., 1996) so it is feasible that 
this fragment could still interact with AQP0.  
 
Vimentin is a Type III IF protein that, in the lens, is primarily expressed in the epithelium and young 
fiber cells and is largely absent in the lens inner cortex and nucleus (Fitzgerald, 2009). Vimentin 
has been shown to play a critical role in cell repair and wound healing (Menko et al., 2014) and 
phosphorylation is a key mechanism by which its assembly is regulated (Ando et al. 1989; Ivaska 
et al. 2005). Here, we show for the first time an interaction between AQP0 and vimentin in the 
lens. Our results revealed two neighboring residues in vimentin, Lys 104 and 120, crosslinked 
with both AQP0 Lys 228 and Met 1 (Table 2; Figure 2). Curiously, a previous report showed that 
this same vimentin residue, Lys 104, as well as lysines 97, 294 and 439, are transglutaminase 
(TGase) reactive residues, and it was proposed that vimentin, through these four TGase reactive 
Lys residues and two Gln residues, can crosslink with itself or other cytoskeletal components 

(Clement et al., 1998). Moreover, it was postulated that TGase could affect the equilibrium 
between soluble and polymerized vimentin through crosslinking at these specific regions which, 
it was proposed, could be an important mechanism for regulating cell shape (Clement et al., 1998). 
Through vimentinôs interaction with AQP0, its regulation by TGase could thus be impacted. These 
findings together with the observations in this study implicate this region of the rod domain as a 
potential regulatory area of vimentin in the lens. 
 
3.4.4 Connexin-46 and connexin-50 

 
Connexins are transmembrane proteins that associate and form large intercellular channels or 
gap junctions that passively transport small cytoplasmic molecules from cell to cell. Connexins 
are composed of four conserved transmembrane domains with two extracellular loops and one 
intracellular loop (Hu et al., 2017). Early experiments found AQP0 associated with gap junctions 
containing Cx45.6 (chick ortholog of Cx50) and Cx56 (chick ortholog of Cx46) (Yu and Jiang, 
2004) but only Cx45.6 (via its intracellular loop) was found to directly interact with AQP0 (Yu and 
Jiang, 2005). Subsequent experiments found that the AQP0-Cx50 interaction increases Cx50 gap 
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junction function and coupling (Liu et al., 2011). Our XL-MS experiments show that AQP0 interacts 
with both Cx50 and Cx46 with four and two unique crosslinked peptides identified, respectively, 
and one crosslinked peptide that can be assigned to either Cx50 or Cx46 because the sequence 
(MEEKR) is present in both proteins. We find that the AQP0 N-terminus and C-terminal Ŭ-helical 
regions interact with the beginning segment of the Cx50 C-terminal tail and with the Cx46 N-
terminus (Table 3). Interestingly, a report involving a cryo-EM structure of sheep Cx46/50, 
employed the same crosslinkers used in our study to confirm heteromeric co-assembly of their 
structures and reported Cx50 C-terminal Lys 271 crosslinked with Cx46 N-terminal Gly 2 (Myers 
et al. 2018). They also reported Cx46 Lys 105, located in the intracellular loop, crosslinked with 
Cx46 Gly 2, which we also observed in our data (data not shown). Curiously, our results show 
Cx46 and/or Cx50 Lys 105 in the intracellular loop interacts with the AQP0 N-terminus and Cx46 
Gly 2 interacts with the AQP0 C-terminal Ŭ-helical region (Table 3). Our results implicate the Cx50 
C-terminal tail, the Cx46 N-terminus and the Cx46 and/or Cx50 intracellular loop, as key regions 
in protein interactions.  
 
3.5 Conclusion  
 
AQP0 can use both N- and C-termini to engage in a variety of lens protein interactions. These 
interactions likely vary in affinity, with some more transient than others, and may be impacted by 
modifications, such as phosphorylation, truncation, or lipidation of AQP0 and/or its interacting 
partner. The functional implications of some of these interactions, i.e AQP0-CaM and AQP0-
filensin, have been reported, however many require further investigation. These findings suggest 
that AQP0-protein interactions in the lens may likely serve diverse functions such as preventing 
AQP0 aggregation (AQP0-Ŭ-crystallin), regulating water permeability (CaM and filensin) and 
AQP0-lipid interactions and/or cell adhesion properties (CaM), regulating IF polymerization and 
linking the cytoskeleton to the membrane (AQP0-IFs) and temporarily shielding AQP0 interacting 
proteins from possible modifications.  
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CHAPTER IV. AQP0 INTERACTING LIPIDS IN THE BOVINE LENS 

4.1 Introduction  

The ocular lens is an avascular organ that refracts light onto the retina and is necessary for high 

visual acuity. Lens transparency, critical for clear vision, is maintained in the lens through a unique 

cellular architecture of fiber cells, proteins, and membrane lipids. Lipids play a vital role in the lens 

by not only forming barriers to small molecules, but by creating local environments that can affect 

the function of lens membrane proteins, such as aquaporins (Borchmann and Yappert, 2010). 

Aquaporins belong to the major intrinsic protein family of water channels and are composed of 

six transmembrane alpha-helical domains and N- and C- termini in the cytoplasm  (Tºrnroth-

Horsefield et al., 2022). These differentially distributed water channels play a fundamental role in 

conducting water through the lens and in maintaining lens homeostasis through what is known as 

the lens microcirculation system (MCS) (Mathias and Rae, 1985). The most abundant membrane 

protein in the lens, aquaporin-0 (AQP0), functions as both a water channel (Preston et al., 1992) 

and a cell-adhesion protein (Kumari and Varadaraj, 2009) and plays a critical role in the lens 

microcirculation system (Schey et al., 2022). 

As mentioned in Chapter 1, AQP0 function is regulated by pH (Nemeth-Cahalan and Hall, 2000), 

protein interactions, such as with calmodulin (Girsch and Peracchia, 1985; Kreida et al., 2018; 

Nemeth-Cahalan et al., 2004; Rose et al., 2008) and filensin (Nakazawa et al., 2011; Wang and 

Schey, 2017), C-terminal cleavage (Gonen et al., 2004) and membrane lipids (Tong et al. 2013). 

Studies of AQP0-lipid interactions are limited but include electron crystallographic structures of 

lens AQP0 in DMPC (Gonen et al., 2005) and in E.coli polar lipids (Hite et al. 2010), and recently 

in sphingomyelin/cholesterol bilayers (Chiu et al., 2023). Importantly, Tong et al. (2013) showed 

that when AQP0 was reconstituted into proteoliposomes composed of different lipid mixtures, its 

water permeability was dependent on the lipid bilayer composition. Specifically, AQP0 in bilayers 

composed of lipids characteristic of lens fiber cell membranes, i.e. sphingomyelin and cholesterol, 

displayed a lower unit water permeability compared to bilayers containing phosphatidylcholine 

and phosphatidylglycerol (Tong et al., 2013). The study suggested that AQP0 function within the 

lens is spatially dependent, specifically that AQP0 water permeability is higher in the cortical 

region compared to the nuclear region which is high in sphingomyelin and cholesterol (Tong et 

al., 2013).  

Given the importance of lipids in regulating AQP0ôs function, our study sought to investigate 

AQP0, for the first time, with endogenous lipids. To expand our understanding of AQP0-lipid 

interactions, we leveraged native mass spectrometry (nMS) to identify native lens lipids that 

directly interact with AQP0. Native MS complements traditional structural biology techniques by 

analyzing intact proteins in complex with their ligands (Laganowsky et al., 2013; Barth and 

Schmidt, 2020). In this study, AQP0 was isolated from bovine lens tissue and analyzed via nMS 

in crude membrane preparations to preserve endogenous non-covalent lipid interactions. 

Additionally, native lens lipids were spiked-in to purified AQP0 to uncover AQP0-lipid interactions 

that were undetected in the crude sample preparations. Several different native lipids, identified 

by LC-MS/MS, were found to interact with AQP0 in a regionally dependent manner. 
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4.2  Methods 
 
4.2.1 Bovine lens dissection and tissue washes 
 
Bovine lenses from Pel-Freez Biologicals (Rogers, AK; cat no. 57114-2) stored at -80°C, 12-30 
months of age, were decapsulated and the lens cortex (~2.5 mm thickness) was manually 
dissected from the nucleus. Using a glass dounce homogenizer, the cortex and nucleus tissues 
were independently prepared from this point on. Each was manually homogenized in cold 
homogenizing buffer (25 mM Tris-HCl, 1 mM PMSF (phenylmethylsulfonyl fluoride), 5 mM EDTA, 
150 mM NaCl, pH 7.5) and centrifuged at 100,000g for 20 minutes at 4°C, the supernatants were 
discarded, and the pellets were retained. Each pellet was resuspended a second time in 
homogenizing buffer, vortexed briefly, and centrifuged as described. The supernatants were 
discarded, and the pellets retained. As described below, the pellets were further washed 
depending on the experiment.  
 
Crude cortex and crude nucleus sample preparation for native MS: Cortex and nucleus pellets 
were independently resuspended in 4M urea in Tris buffer (25 mM Tris-HCl, 5mM EDTA, 150 mM 
NaCl, pH 7.5), vortexed briefly and centrifuged as described. The supernatants were discarded, 
and this was repeated three additional times for a total of four 4M urea washes. The pellets were 
then washed one time with 25 mM Tris-HCl, pH 7.5 to remove residual urea followed by 
centrifugation as described and the supernatants discarded. These washed crude cortex and 
nucleus pellets were flash frozen on dry ice and stored at -80°C until use for native MS or for LC-
MS/MS analysis. 
 
Sample preparation for AQP0 purification: Nucleus pellets (prepared as described in section 
4.2.1) used for AQP0 purification were resuspended in 4M urea in Tris buffer (25 mM Tris-HCl, 5 
mM EDTA, 150 mM NaCl, pH 7.5), vortexed briefly and centrifuged as described. This was 
repeated using 8M urea in Tris buffer. The pellet was then washed with water, cold 100 mM NaOH 
in Tris buffer and then two times with water, with each of these washes followed by centrifugation 
as described and the supernatant discarded. These washed nucleus pellets were flash frozen on 
dry ice and stored at -80°C until purification as described below.  
 
4.2.2 Purification of AQP0 via anion-exchange chromatography 
 
The washed bovine nucleus pellet was thawed and AQP0 was purified as previously described 

(Harvey et al. 2023). The pellet was resuspended in 2% n-octyl-Ç-D-glucopyranoside (OG) (RPI; 
cat no. N02007) in Tris buffer, vortexed, incubated on ice for a minimum of 30 minutes and 
centrifuged at 100,000g for 10 min at 4ÁC. The supernatant was loaded onto a self-packed anion 
exchange column (Source 15Q; GE Healthcare 17-0947-20) and AQP0 was purified via the 
following step gradient at 0.70 mL/min : 0-10 min (100% buffer A: 25 mM Tris-HCl, 1% OG, pH 
7.5), 10-20 min (92.5% buffer A and 7.5% buffer B: 2M NaCl, 25 mM Tris-HCl, 1% OG, pH 7.5) 
and 20-30 minutes (85% buffer A and 15% buffer B). Proteins were detected by 220 nm 
absorbance. Purified AQP0 concentrated using a 4 mL-50kDa MWCO Amicon Ultra centrifugal 
filter (Millipore cat no. UFC805024) and protein concentration was measured via bicinchoninic 
acid (BCA) assay or A280 using a NanoDrop 2000.   
 
4.2.3 Sample preparation for native MS analysis 

 
Crude cortex and crude nucleus pellets were individually thawed and prepared. Each pellet was 
solubilized in 1% OG in 25 mM Tris-HCl, pH 7.5 and incubated overnight at 4°C with end-over-
end rotation. Sample was centrifuged at 100,000g for 10 minutes at 4°C and the supernatant was 
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collected, loaded onto a 500 µL- 100kDa MWCO Amicon Ultra centrifugal filter (Millipore cat no. 
UFC5100), and concentrated and buffer exchanged nine times into native MS buffer (200 mM 
ammonium acetate (AmAc), 2x critical micelle concentration of tetraethylene glycol monooctyl 
ether (C8E4)). It should be noted that incomplete removal of OG may have resulted in mixed 
micelles in this analysis. The final protein concentration was measured via bicinchoninic acid 
(BCA) assay or A280 using a NanoDrop 2000.   
Concentrated and purified AQP0 in 1% OG, 25 mM Tris-HCl, pH 7.5 was diluted with 200 mM 
AmAc, 2x CMC C8E4 and loaded onto a 500 ÕL-100kDa MWCO Amicon Ultra centrifugal filter 
(Millipore cat no. UFC5100), reconcentrated and buffer exchanged three times into native MS 
buffer. It should be noted that incomplete removal of OG may have resulted in mixed micelles in 
this analysis. Samples were diluted with native MS buffer and analyzed on a Q Exactive Ultra 
High Mass Range (UHMR) mass spectrometer.  
 
4.2.4 Preparation of exogenous lipids for native MS spike-in experiments  

 
One milligram of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC; Avanti) powder in a 
glass vial was dissolved in chloroform and evaporated. The resulting lipid film was reconstituted 
in native MS buffer (200 mM ammonium acetate, 2x CMC C8E4) to a concentration of 510 µM 
and sonicated in a water bath sonicator for 10 minutes followed by sonication with a probe 
sonicator, 5-10x for 10 seconds each time, and then diluted with native MS buffer to a stock 
concentration of 100 µM. Purified AQP0 in 1% OG, 25 mM Tri-s-HCl, pH 7.5 (prepared as 
described above) was buffer exchanged 3x with native MS buffer and then gently combined at 
room temperature with DPPC for a final concentration of 3-4 µM of AQP0 and 8 µM of DPPC and 
immediately analyzed on the QE UHMR as described below in section 4.2.6.  
 
4.2.5 Preparation of endogenous lens lipids for native MS spike-in experiments 
 
A washed cortex pellet from one bovine lens (as described above) was thawed and reconstituted 
into water and transferred to a glass vial. Lipids were then extracted using the method of Bligh 
and Dyer (1959) and the resulting extract is referred to as endogenous lens lipid extract. Native 
lens lipid extracts were evaporated under a stream of nitrogen gas and frozen at -20°C or used 
immediately for experiments. The lipid extract was reconstituted in 2 mL of native MS buffer and 
sonicated for 5-10 minutes in a water bath sonicator, followed by sonication with a probe 
sonicator, 10x for 10 seconds each time. For the AQP0 lens lipid spike-in sample, 55 µL of purified 
AQP0 (11µM) was combined with 450 µL of the endogenous lens lipid extract stock. For the AQP0 
sample (control), 25 µL of purified AQP0 was combined with 450 µL of native MS buffer. Samples 
were incubated overnight at 4°C with end-over-end rotation. Samples were then centrifuged for 5 
minutes at 20,000g and each supernatant was loaded onto a 500 ÕL-100kDa MWCO Amicon 
Ultra centrifugal filter (Millipore cat no. UFC5100), buffer exchanged/reconcentrated one time with 
native MS buffer. Final concentration was measured via A280 using a NanoDrop 2000. Samples 
were analyzed via nMS as described below in section VI or analyzed via LC-MS/MS as described 
in section VII.   
 
4.2.6 Native mass spectrometry analysis  

 
Native mass spectrometry experiments were performed on a Thermo Fisher Scientific Q Exactive 
UHMR mass spectrometer. Samples in native MS buffer were introduced into the mass 
spectrometer by static nanospray ionization using in-house pulled borosilicate capillaries (Sutter 
Instrument, cat no. BF100-78-10). A platinum wire was inserted into the sample loaded capillary 
and an electrospray voltage of 1.2-1.3 kV was applied. Capillary temperature was set to 225ÁC, 
and the trap gas flow rate was 5. The resolution was set to 25,000 or 50,000 for all experiments. 
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A desolvation energy of -60V to -70V was used. With in-source trapping mode, a desolvation 
voltage of -60 to -70 was used. For MS/MS experiments, HCD fragmentation was performed at 
200V. The RF on the HCD cell and C-trap were tuned for low mass transfer, specifically the 
injection flatapole amplitude was 700V, bent flatapole amplitude was 940V, transfer multipole and 
HCD-cell RF amplitude was 250V, and the C-Trap RF amplitude was 2300V.  Trap gas flow rate 
was 2. 
 
4.2.7 Lipid extraction and LC-MS/MS data acquisition 
 

Crude AQP0 from the cortex in native MS buffer was spiked with 10 Õl equiSPLASH-lipidomics 
internal standard mix (Avanti Polar Lipids/CRODA), transferred to a glass tube and extracted 
using the method of Bligh and Dyer (1959). The lipid extract was evaporated under a gentle 
stream of nitrogen gas and resuspended in 100 Õl of HPLC-grade methanol and chloroform (9:1). 

Discovery lipidomics analysis was performed at Vanderbiltôs Mass Spectrometry Research Center 
(MSRC) MS Core facility using a Vanquish ultrahigh performance liquid chromatography (UHPLC) 
system interfaced to a Q Exactive HF quadrupole/orbitrap mass spectrometer (Thermo Fisher 
Scientific) operating in data-dependent acquisition mode. Sample (5 Õl) was injected and 
analyzed in both positive and negative ESI modes. 

Chromatographic separation was performed with a reverse-phase Acquity BEH C18 column (1.7 
um, 2.1x150 mm, Waters, Milford, MA) at a flow rate of 250 Õl/min. Mobile phases were made up 
of 10 mM ammonium formate and 0.1% formic acid in (A) H2O/CH3CN (40:60) and in (B) CH3CN/ 
iPrOH (10:90). Gradient conditions were as follows: 0ï1 min, B = 20 %; 1ï8 min, B = 20ï 100 %; 
8ï10 min, B = 100 %; 10ï10.5 min, B = 100ï20 %; 10.5ï15 min, B = 20%. Mass spectra were 
acquired over a precursor ion range of m/z 200 to 1,600 at a resolving power of 60,000 using the 
following HESI-II source parameters: spray voltage 4 kV (3 kV in negative mode); capillary 
temperature 250 ÁC; S-lens RF level 60 V; nitrogen sheath gas 40; nitrogen auxiliary gas 10; 
auxiliary gas temperature 350 ÁC. MS/MS spectra were acquired for the top-seven most abundant 
precursor ions with an MS/MS automatic gain control (AGC) target of 1e5, a maximum MS/MS 
injection time of 100 ms, and a normalized collision energy of 15, 30, 40. 

High resolution mass spectrometry data was processed with MS-DIAL version 4.90 in lipidomics 
mode (Tsugawa et al., 2020). MS1 and MS2 tolerances were set to 0.01 and 0.025 Da, 
respectively. Minimum peak height was set to 30,000 to decrease the number of false positive 
hits. Peaks were aligned with retention time tolerance of 0.1 min and mass tolerance of 0.015 Da. 
A default lipid library was used (Msp20210527163602_converted.lbm2), solvent type was set to 
HCOONH4 to match the solvent used for separation, and the identification score cut off was set 
to 80%. All lipid classes were made available for the search. After lipid identification was 
completed, MS-DIAL results were exported into Excel and filtered using maximum allowed relative 
standard deviation (RSD) for QC samples set to 25% and minimum allowed ratio of sample to 
blank of 10.  

MetaboAnalyst version 5.0 (Pang et al., 2021) was used to perform statistical calculations on a 
combined list of all annotated lipids (both positive and negative ionization modes) which passed 
quality control filters described above. Lipids with a fold change > 2 and false discovery rate (FDR) 
< 0.05 were considered significantly different. 

Tandem mass spectra for all identified lipids are available in Appendix Figures 43-63. 
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4.3 Results 

Native MS was previously employed to examine different proteoforms of intact purified AQP0 by 
non-covalent complex fragmentation through collision-induced dissociation (CID) and surface-
induced dissociation (SID) (Harvey et al., 2023). Various AQP0 proteoforms were detected 
including phosphorylated, oleated and truncated forms (Harvey et al., 2023). The study revealed 
novel AQP0 structural information, such as doubly phosphorylated AQP0 tetramers were 
composed of two singly phosphorylated monomers, and various truncated AQP0 monomers were 
present within a single tetramer (Harvey et al. 2023). This previous study utilized purified AQP0, 
which, likely due to the purification process, was largely stripped of non-covalent lipid interactions. 
An additional study by Hale and Cooper (2022), using native ambient mass spectrometry, 
remarkably reported intact AQP0 directly from sheep lens tissue sections; however, no AQP0-
lipid interactions were reported.  
 
In the current study, AQP0 was isolated from bovine lens cortex and nucleus regions and enriched 
through a series of washes that removed most soluble proteins. To preserve non-covalent AQP0 
lipid interactions, AQP0 was analyzed in a complex mixture, referred to as crude AQP0, in this 
study. In addition, purified AQP0 was incubated with an individual lipid as well as a lens lipid 
extract to verify observations in crude AQP0 preparations.  
 
4.3.1 Crude AQP0 from the lens cortex  
 
Figure 4.1A shows a mass spectrum of tetrameric AQP0 from the crude bovine lens cortex 
preparation. The most abundant species is full-length, Unmodified AQP0 with an average mass 
of 112,898 ± 0.6 Da (Predicted 112, 892 Da) , with lower abundance species also detected, 
including singly- and doubly- phosphorylated (P) AQP0 tetramers. The inset shows a zoomed-in 
view of the 19 + charge state, indicating several peaks (highlighted in yellow) representing 
putatively lipid bound AQP0. The signals in the highlighted region were isolated for tandem MS 
and higher energy collision induced dissociation (HCD) fragmented AQP0 into mainly monomers 
(extended tandem mass spectrum available in Appendix Figures 64-65) and released several 
non-covalently bound lipids as shown in Figure 4.1B. The Table in Figure 4.1C lists the different 
lipid m/z detected in the tandem mass spectrum and their identities determined by LC-MS/MS 
analysis of this crude bovine cortex sample. Tandem mass spectra of all identified lipids in this 
study are shown in Appendix Figures 43-63. 
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Figure 4.1 Crude AQP0 from a bovine lens cortex analyzed via nMS. A) Mass spectrum of 

tetrameric AQP0 from a crude bovine cortex acquired on a Q Exactive UHMR spectrometer. 

Phosphorylated (P) AQP0 is labeled as well as putative lipid adducts. The larger green squares 

represent an AQP0 tetramer with each smaller square representing the monomer. Inset) Zoom-in 

of the 19+ charge state, highlighting the isolation window (5,970-6,100 m/z) for MS/MS analysis. 

B) Tandem spectrum reveals the m/z values of lipids released from crude cortex AQP0 after 

fragmentation at 200 V of the signals in the isolation window highlighted in Figure 4.1A. Data were 

acquired at 25,000 resolution. C) LC-MS/MS identification of the lipids detected via nMS of an 

AQP0 crude bovine lens sample.  
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4.3.2 Crude AQP0 from the lens nucleus 
 
Figure 4.2A shows a mass spectrum of crude tetrameric AQP0 from the bovine lens nucleus. 
Like the cortex, the major signals observed represent full-length AQP0 with an average mass of 
112,898 ± 1 Da with lower abundance peaks representing singly- and doubly- phosphorylated 
AQP0 tetramers. The inset, a zoomed-in view of the 19 + charge state, shows several peaks 
(highlighted in yellow), representing putatively lipid bound AQP0, that were isolated for tandem 
MS. Isolation and fragmentation of the highlighted region also produced predominantly AQP0 
monomers (extended tandem mass spectrum available in Appendix Figures 66-67) and 
released several non-covalently bound lipids shown in the zoomed-in tandem mass spectrum of 
Figure 4.2B. The Table in Figure 4.2C lists the lipid masses detected in the native mass spectrum 
and their identities determined by LC-MS/MS. Tandem mass spectra of all identified lipids in this 
study are shown in Appendix Figures 43-63.  
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Figure 4.2. Crude AQP0 from a bovine lens nucleus analyzed via nMS.  A) Mass spectrum 

of tetrameric AQP0 from a crude bovine nucleus acquired on a Q Exactive UHMR spectrometer. 

Phosphorylated (P) AQP0 is labeled as well as putative lipid adducts. The larger green squares 

represent an AQP0 tetramer with each smaller square representing the monomer.  Inset) zoom-

in of the 19+ charge state, highlighting the isolation window (5,970-6,100 m/z) for MS/MS analysis. 

B) Tandem mass spectrum reveals the m/z values of lipids released from crude nucleus AQP0 

after fragmentation at 200 V of the signals in the isolation window highlighted in Figure 4.2A. MS 

data acquired at 25,000 resolution and tandem MS acquired at 50,000 resolution. C) Lipids from 

an AQP0 crude bovine lens sample detected by LC-MS/MS to confirm the identity of the lipids 
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detected via nMS. All lipid identifications were confirmed by MSMS (tandem mass spectra are 

available for each identified lipid in Appendix Figures 43-63). 

4.3.3 Purified AQP0 and DPPC spike-in  
 

To further confirm the identity of one of the AQP0 bound lipids, DPPC, (theoretical m/z 734.5694) 
via native MS, we performed spike-in experiments with purified AQP0 and synthetic DPPC 
(neutral MW:733 Da). Figure 4.3A shows a mass spectrum of purified AQP0 without DPPC and 
the inset highlights the area where the expected mass of AQP0 plus one DPPC molecule would 
appear. Figure 4.3B shows a mass spectrum of purified AQP0 with DPPC spiked-in showing a 
new peak (highlighted) corresponding to tetrameric 19+ AQP0 plus one DPPC molecule (m/z 
5981.7333). The tandem MS of purified AQP0 with DPPC is reported in Figure 4.3C. The tandem 
MS of purified AQP0 with DPPC reveals a strong fragment ion (m/z 734.5721), consistent with 
DPPC, in the low mass range. The extended and tandem mass spectra of purified AQP0 without 
DPPC is available in Appendix Figures 68-69. 
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Figure 4.3. Purified AQP0 spike-in experiments analyzed via nMS. Mass spectra of purified 

AQP0 without (A) and with (B) exogenous DPPC spiked in. Insets show zoomed-in view of the 

19+ charge state, highlighting (dashed yellow line) m/z region that would be expected for a DPPC 

adduct. Phosphorylated (P) AQP0 is labeled. The larger green squares represent an AQP0 

tetramer with each smaller square representing the monomer. C)  Tandem mass spectra of 

purified AQP0 with exogenous DPPC spiked in. Inset shows zoomed-in view of DPPC lipid 

released from 18+ tetrameric AQP0 after fragmentation at 200 V. Green squares represent AQP0 

monomers. 
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4.3.4 Purified AQP0 and endogenous lens lipid spike-in 
 
To reveal AQP0-lipid interactions that may have gone undetected in the crude AQP0 studies due 
to low abundance, lens lipids were extracted separately from the bovine cortex and nucleus, 
incubated overnight with purified AQP0, and then analyzed via native MS. Figures 4.4A and 4.5B 
display a mass spectrum of purified tetrameric AQP0. Regions that indicate possible AQP0-lipid 
complexes are highlighted in yellow. Figures 4.4B and 4.5B show a mass spectrum of purified 
tetrameric AQP0 incubated with cortical and nucleus lens lipid extracts, respectively. Regions in 
yellow highlight new and/or more intense peaks that appeared after overnight incubation in the 
lens lipid extract compared to purified AQP0 alone. Tandem mass spectra for AQP0 incubated in 
both lipid extracts show that several of the same lipids are found in both extracts and bind AQP0. 
However, there is one lipid (PC 36:2) that only binds AQP0 in the cortical lens lipid extract and 
various lipids that only bind to AQP0 from the nucleus lens lipid extract including SMs and ether-
linked PCs.  
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Figure 4.4. Purified AQP0 incubated with a cortical lens lipid extract analyzed via nMS. 

Zoomed-in view of mass spectra of 19+ charge state tetrameric purified AQP0 before (A) and 

after (B) incubation with a cortical lens lipid extract. Phosphorylated (P) AQP0 is labeled as well 

as putative lipid adducts. The larger green squares represent an AQP0 tetramer with each smaller 

square representing the monomer. Yellow highlighted regions indicate isolation window (5,970-

6,100 m/z) selected for MS/MS. Data acquired at 25,000 resolution. Extended mass spectra for 

(A) and (B) are available in Appendix Figures 68 and 70, respectively. C) Tandem spectrum 

reveals the m/z values of lipids released from purified AQP0 incubated with a cortical lens lipid 

extract after fragmentation at 200 V of the signals in isolation window highlighted in Figure 4.4B. 

Extended tandem mass spectrum is available in Appendix Figure 71. Table (D) lists the LC-

MS/MS identification of the lipids detected via nMS of AQP0 crude bovine lens sample. All lipid 

identifications were confirmed by MS/MS (tandem mass spectra are available for each identified 

lipid in Appendix Figures 43-63). Data acquired at 25,000 resolution.  
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Figure 4.5.  Purified AQP0 incubated with a nucleus lens lipid extract analyzed via nMS.  

Zoomed-in view of mass spectra of 18+ charge state tetrameric purified AQP0 before (A) and 

after (B) incubation with nucleus lens lipid extract. Phosphorylated (P) AQP0 is labeled as well 

as putative lipid adducts. The larger green squares represent an AQP0 tetramer with each 

smaller square representing the monomer. Yellow highlighted regions indicate isolation window 

(6,310-6,440 m/z) selected for MS/MS. Extended mass spectra for (A) and (B) are available in 

Appendix Figures 68 and 72, respectively. C) Tandem spectrum reveals the m/z values of 

lipids released from purified AQP0 incubated with a nucleus lens lipid extract after 

fragmentation at 200 V of the signals in the isolation window highlighted in Figure 4.5B. Data 

were acquired at 25,000 resolution. Extended tandem mass spectrum is available in Appendix 

Figure 73. Table (D) lists the LC-MS/MS identification of the lipids detected via nMS of AQP0 

crude bovine lens sample. All lipid identifications were confirmed by MS/MS (tandem mass 

spectra are available for each identified lipid in Appendix Figures 43-63). 
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4.4 Discussion 

This study sought to use the unique features of native MS to detect non-covalently bound lipids 

to endogenous bovine lens AQP0 since AQP-lipid interactions are known to affect AQP 

permeability. In our experiments, several non-covalent lipids bound to AQP0 tetramers from 

bovine lens tissue were transferred into the gas-phase, fragmented from the tetramer, and 

identified by accurate mass measurement and LC-MS/MS analysis. Remarkably, these lipids 

remained non-covalently bound to AQP0 through the sample preparation process suggesting a 

strong affinity to AQP0. All lipids detected via native MS were structurally characterized by LC-

MS/MS. 

Interestingly, the human lens displays a regional difference in the distribution of lipids where, in 

the cortex, there is a lower amount of sphingomyelin compared to the nucleus (Borchmann and 

Yappert, 2004). Moreover, cholesterol content in the lens, one of the highest cholesterol 

containing tissues in the body, also increases with age (Rujoi et al., 2003). An analysis of lens 

phospholipids from different animal species found choline-containing phospholipids to be the most 

prevalent phospholipids, and in the bovine lens, phosphatidylcholine (PC) and sphingomyelin 

(SM) are the major classes (Deeley et al. 2008). Consistent with these studies, we identified PCs 

and SMs as the most abundant classes of lipids non-covalently bound to AQP0.  

In human lenses, sphingolipid content increases with age whereas phosphatidylcholine content 

decreases (Yappert et al. 2003; Deeley et al., 2008; Yappert and Borchman, 2004).The ratio of 

sphingomyelin to other lens lipids is higher in the nucleus compared to the cortex and it has been 

proposed that the human lens contains high levels of sphingolipids to resist lipid oxidation, a 

detrimental consequence of aging (Borchman et al., 2004; Yappert and Borchman, 2004). Given 

that the lipid composition of AQP containing membranes affects AQP water permeability (Tong et 

al., 2013), it is important to characterize the lipids interacting with AQPs in different lens regions. 

Using native MS, we found that AQP0 isolated from both the cortex and nucleus regions of bovine 

lenses retained six of the same endogenous lipids, PC 16:0_16:0 (theoretical [M+H]+, m/z 

734.56), PC 32:1 (theoretical [M+H]+ 732.5465), PC 34:1 (theoretical [M+H]+ 760.58), PC 36:1 

(theoretical [M+H]+ 788.6164), SM 40:2;2O (theoretical [M+H]+ 785.65) and SM 42:2;2O 

(theoretical [M+H]+ 813.68). However, AQP0 from the cortical region appeared to bind two 

different PCs (PC 30:0 (theoretical [M+H]+ 706.5381) and PC 36:4 (theoretical [M+H]+ 782.5694)) 

that were not bound to AQP0 from the nucleus. In contrast, three different SMs (SM 40:1;2O 

(theoretical [M+H]+ 787.6687), SM 42:3;2O (theoretical [M+H]+ 811.6687), and SM 44:2;2O 

(theoretical [M+H]+ 841.7157) were detected bound to AQP0 from the nucleus that were not bound 

to cortical AQP0. Figure 4.6 displays a Venn diagram comparing the differences and similarities 

between the AQP0 bound lipids from the cortex and nucleus. In line with the literature, several of 

the lipids detected in this study were previously reported in the lens via MALDI-TOF-MS (Rujoi et 

al., 2004) and ESI-MS/MS (Deeley et al., 2008). Thus, there appears to be regional differences 

in the lipid environment in which AQP0 resides. Specifically, AQP0 in the nucleus is surrounded 

by a greater variety of SMs compared to the cortex. The functional differences in AQP0 water 

permeability in different lens regions have not been measured since early studies on mouse 

lenses only reported cortical lens water permeability (Varadaraj et al., 2005).  
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Figure 4.6. Comparison of AQP0 bound lipids in the cortex versus nucleus. Venn diagram 

comparing the common and different lipids determined by native MS between crude AQP0 from 

the cortex vs nucleus.    

 

The sample preparation process in this study is delipidating by nature so, some non-covalently 

bound lipids to AQP0 may have been removed. Therefore, we incubated purified AQP0 first with 

a single lipid (DPPC) and subsequently with a native lens lipid extract from the cortex and nucleus 

to confirm DPPC binding and to uncover new AQP0-lipid interactions not detected in our crude 

samples.  

As expected, purified AQP0 bound exogenous DPPC which allowed us to further confirm the 

identity of one of the most abundant peaks (m/z 734). Interestingly, purified AQP0 bound an 

assortment of lipids from both a cortical and nucleus lens lipid extract. AQP0 bound less of a 

variety of lipids from the cortical lens lipid extract which may be because the lens cortical tissue 

region is much smaller compared to the nucleus and therefore there is likely a large difference in 

lipid abundances between the two regions. It is noteworthy that the lens lipid extracts contain 

numerous different lipids and thus the observation that AQP0 still binds many of the same lipids 

in both types of experiments (crude AQP0 vs purified AQP0 with incubated lens lipid extract) 

suggests that AQP0 may preferentially bind certain lipids over others. Moreover, AQP0 bound five 

different ether-linked PCs from the nucleus extract. These ether-linked PCs were not detected in 

the crude AQP0 experiments and perhaps were not in direct contact with AQP0 and/or were 

weakly bound and were thus washed away during the sample preparation process. Deeley et al. 

(2009) identified alkyl ether glycerophospholipids in the human lens specifically 1-O-alkyl 

glycerophosphoethanolamines and 1-O-alkyl glycerophosphoserines.  

It is important to note that some weakly bound lipids may not have been detected due to poor 

transmission through the mass spectrometer producing weak signal. Moreover, while all data 

were collected in positive-ion mode, it is known that certain lipid classes ionize better in negative-

ion mode.  

Sanders and Mittendorf (2016), reported that many membrane proteins have evolved to withstand 

changes in membrane lipid composition, and cited AQP0 as an exemplary protein that does not 
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display lipid specificity. Based on high-resolution structures, AQP0, in different lipid bilayers, 

adopts quite similar conformations suggesting AQP0 structure, and therefore function, is not 

dictated by specific lipid binding (Sanders and Mittendorf, 2016). Conversely, functional studies 

established that AQP0 and AQP4 water permeability is dependent on membrane lipid composition 

(Tong et al., 2013; Tong et al., 2012). Specifically, Tong et al. (2013) reported that AQP0 unit 

channel permeability was lower in bilayers containing higher levels of cholesterol and 

sphingomyelin. So, while AQP0 remains functional as a water channel in diverse lipid 

environments, itôs activity, or water permeability, is dependent on specific membrane lipid 

compositions.  

4.5 Conclusion 

Our study reveals that, physiologically, AQP0 is surrounded by a complex lipid matrix, enriched in 

PCs and SMs, that may, dynamically, regulate AQP0 function in a differential manner across the 

lens. The results from this study can be used to inform functional and structural experiments that 

seek to gain a better understanding of AQP0 in the context of its native environment.   
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CHAPTER V. SUMMARY AND FUTURE DIRECTIONS 

Much progress has been made in the lens and aquaporin fields over the years, specifically 

involving AQP0. Several AQP0 structures have been published. Starting in 2004, AQP0 structures 

were reported, including a 2.2¡ X-ray structure of the open pore conformation (Harries et al., 

2004) where water molecules were captured in the central pore, as well as a 3.0¡ cryo-EM 

structure of a closed pore conformation of junctional AQP0 (Gonen et al., 2004). These structures 

have provided the field with valuable insight on AQP0 structure, selectivity and regulation. A few 

years ago, Reichow et al. (2013) published, for the first time, an EM structure of tetrameric AQP0 

in complex with calmodulin which confirmed previous findings that AQP0 and CaM interact at a 

1:2 ratio and suggested that CaM regulates AQP0 function in an allosteric manner which was later 

supported by molecular dynamics simulations (Reichow et al., 2013).  

Over the years, the Schey lab has spearheaded the identification of several AQP0 

modifications, many of which are age-related, including fatty acid acylation, phosphorylation, 

truncation, deamidation and isomerization/racemization of aspartic acid residues  (Schey et al., 

2010; Ball et al. 2004). Research on AQP0 fatty acid acylation specifically found that N- and C-

termini of AQP0 undergo palmitoylation and oleoylation (Schey et al., 2010). Additionally, this 

study found that these covalent AQP0-lipid modified forms were enriched in the detergent-

resistant membrane (lipid raft) fractions and, although the functional roles of these modifications 

remain unknown, it was speculated that they could be involved in membrane domain targeting 

(Schey et al., 2010). Several AQP0 phosphorylation sites have been identified and the impact of 

this modification on water permeability and CaM binding has been studied as discussed in the 

above chapters. A recent study that we conducted in collaboration with Dr. Vicki Wysockiôs 

research group identified, for the first time, different AQP0 post-translational modifications, 

including phosphorylation and truncation, in intact AQP0 (as opposed to the peptide level) using 

native mass spectrometry (Harvey et al., 2022).  

We have learned through the years that AQP0 function can be regulated by different 

mechanisms including pH (Nemeth-Cahalan and Hall, 2000), C-terminal cleavage (Gonen et al. 

2004), phosphorylation (Kreida et al., 2024, Rose et al. 2008), protein interactions (reviewed in 

Tºrnroth-Horsefield et al., 2022) and membrane lipids (Tong et al., 2013). Substantial progress 

has been made characterizing the AQP0-calmodulin interaction including work from the Schey 

lab (Rose et al., 2008) that used a fluorescence binding assay and chemical crosslinking to 

understand the effect of AQP0 phosphorylation on CaM binding as well as functional assays that 

tested the impact of CaM binding on phosphorylated AQP0 (Kalman et al. 2008). Recent work 

revealed that regulation of AQP0 function by CaM is phosphorylation site-dependent (Kreida et 

al. 2024) and  a cooperative process (Kreida et al. 2018; Freites et al. 2019). As mentioned above, 

the pseudo-atomic structure of the AQP0-CaM crosslinked complex captured by single particle 

cryo-EM (Reichow et al. 2013) confirmed earlier reports that CaM bound AQP0 in a non-canonical 

manner. However, despite the detailed understanding the lens field has acquired over time 

regarding the AQP0-CaM interaction, the mechanisms underpinning other AQP0-protein 

interactions still require extensive research. Thus, through my thesis work, I aimed to deepen our 

understanding of other AQP0-protein interactions on a molecular level.  

Previous work has shown that specific proteins, such as calmodulin (CaM), interact with 

AQP0 to modulate its water permeability; however, these studies often used AQP0 peptides, 

rather than full-length protein, to probe these interactions. Furthermore, prior to my thesis work, 

the specific regions of interaction of several known AQP0 interacting partners, i.e. ŬA and ŬB-
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crystallins, and phakinin (CP49) were unknown. Therefore, one goal of my thesis work was to use 

crosslinking mass spectrometry (XL-MS) to, not only identify interacting proteins with full-length 

AQP0 in crude lens cortical membrane fractions, but to determine the interaction interfaces.  

Given the extensive research on the AQP0-CaM interaction, I employed this interaction as a 

positive control in my XL-MS studies. That is, the AQP0-CaM interaction was used to validate my 

XL-MS workflow and to establish a new HDX-MS workflow to validate the AQP0-protein 

interactions discovered in my work. Through XL-MS, specific regions of interaction were 

elucidated for several AQP0 interacting partners including phakinin, Ŭ-crystallin, connexin-46, and 

connexin-50 and, two new interacting partners, vimentin and connexin-46, were identified. The 

functional consequences of some of these interactions, like AQP0-CaM and AQP0-filensin, have 

been established, for instance,  AQP0 interaction with either CaM or filensin (Nakazawa et al. 

2011), reduces its water permeability. However, the function of many of the other AQP0-protein 

interactions reported in my work needs investigation.  My results also demonstrated that the AQP0 

N-terminus engaged with most of  the interacting proteins. Interestingly, other aquaporins (i.e. 

AQP1, AQP4, AQP5, AQP6, AQP7) are known to use their N-terminus to interact with proteins, 

but this is the first time it was reported for AQP0. In general, my studies suggest that AQP0-protein 

interactions play diverse roles. For example, the AQP0-Ŭ-crystallin interaction could serve a role 

in preventing AQP0 aggregation, the AQP0-IF interaction may regulate IF polymerization and be 

one mechanism for linking the cytoskeleton to the plasma membrane. In some cases, the 

association of AQP0 with the reported proteins could be a temporary mechanism to shield AQP0 

interacting proteins from modifications.  It is noteworthy that, a comprehensive review (Tºrnroth-

Horsefield et al., 2022) on the mammalian aquaporin interactome revealed that the precise 

aquaporin region involved in a large portion of reported aquaporin-protein interactions is currently 

unknown. Hence, the XL-MS workflow established in my studies could be an indispensable tool 

for the aquaporin community at large to define the interacting interface of dozens of AQP-protein 

complexes.  Moreover, my thesis work demonstrates that AQP0ôs function in the lens extends 

beyond that of a water channel and cell-adhesion protein. The AQP0-protein interactions reported 

in this work suggest that in the context of lens physiology, AQP0 is a dynamic protein that is  

regulated by various lens proteins and in turn, regulates other lens proteins. For instance, through 

its interaction with the cytoskeletal protein vimentin, it may regulate vimentin polymerization. 

Furthermore, through its interaction with Ŭ-crystallin regions prone to acetylation, AQP0 may 

temporarily protect Ŭ-crystallin from possible modifications.  

Through its role in water permeability, AQP0 is an important protein in the generation and 

regulation of the MCS, a system that is critical for maintaining lens transparency. As mentioned in 

earlier chapters, AQP0 permeability studies (Tong et al., 2013) have shown that the lipid 

composition surrounding AQP0 has a direct effect on its function; nevertheless, interactions of 

non-covalent native lens lipids with AQP0 were not reported prior to this work. While structures of 

AQP0 in complex with different lipids have been reported, including electron crystallographic 

structures of lens AQP0 in DMPC (Gonen et al., 2005), in E.coli polar lipids (Hite et al. 2010), and 

in sphingomyelin/cholesterol bilayers (Chiu et al., 2023), the field of AQP0-lipid interactions is still 

in its infancy. Therefore, another goal of my studies was to employ native mass spectrometry 

(nMS) to identify endogenous lipids bound to AQP0 to inform our understanding of how AQP0-

lipid interactions regulate AQP0 function in the lens. We found that a variety of endogenous lens 

lipids, i.e., phosphatidylcholines (PCs) and sphingomyelins (SMs), differentially bind AQP0 in a 

regionally dependent manner (lens cortex vs nucleus). This work suggests that the native lipid 

environment surrounding AQP0 regulates its function in a regional dependent manner (cortex 
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versus nucleus) and that AQP0-lipid interactions may be a key regulatory mechanism to reducing 

the water permeability of fiber cells in the lens nucleus. Furthermore, spike-in experiments using 

native lens lipid extracts allowed us to uncover new AQP0-lipid assemblies not detected in the 

crude AQP0 experiments, including AQP0-ether-linked PC and AQP0-SM interactions. Curiously, 

we know that functional studies have established that lipids can interact with AQP0 (Tong et al. 

2013) and AQP4 (Tong et al., 2012) to regulate their water permeability, for example, in the case 

of AQP0, its water permeability was reduced in bilayers containing higher levels of cholesterol 

and sphingomyelin. However, it has also been reported that some membrane proteins have, 

through time, adapted to withstand changes in membrane lipid composition and AQP0 was a 

noted example  on the basis that high-resolution structures reveal that it consistently adopts 

similar conformations in diverse lipid bilayers   (Sanders and Mittendorf, 2016). Therefore, in line 

with the predictions of Sanders and Mittendorf (2016), AQP0 may have evolved to function in a 

variety of lipid environments, which could explain why it remains active in different bilayers. 

However, its activity (low vs high water permeability) is dynamically regulated by the surrounding 

lipid composition and when analyzed in its native lipid environment, we see that AQP0 

differentially binds lipids in a regionally dependent manner. In the nucleus, AQP0 is surrounded 

by a greater amount of sphingomyelin, which drawing from the studies by Tong et al. (2013), 

reduces the water permeability of AQP0. Interestingly, it has been shown that AQP0 plays less of 

a role as a water channel in the lens core and more of a junctional and cell adhesion protein 

(Gonen et al., 2004; Kumari and Varadaraj, 2009). In the context of the MCS, one could speculate 

this to mean a couple things. The current model proposes water to travel outwards from the lens 

core towards the equatorial regions by an intercellular pathway mediated by gap junctions. In the 

nucleus, AQP0 is largely truncated and its contribution to fiber cell water permeability, when in 

this form, is still under study. However, permeability studies that investigated the impact of N- 

and/or C- terminal AQP0 truncations found that these modifications do not alter the water 

permeability of AQP0 or its adhesive functions (Ball et al., 2003; Kumari and Varadaraj, 2014). If 

AQP0 truncation does not impact its water transport function in the lens nucleus, a region that 

has reduced water permeability (a property that is important for maintaining an osmotic gradient 

that channels water outwardly from the interior of the lens to the exterior), then AQP0-lipid 

interactions may be one key mechanism to attenuate AQP0 water transport capabilities in the 

lens core. I think that it is also critical to consider that in all the published high-resolution structures, 

AQP0 is embedded in greatly simplified lipid bilayers that are not representative of the diverse 

lipid environment of the lens plasma membranes and we see from my nMS studies that AQP0 

can retain over a dozen different non-covalently bound lipids. Therefore, it is possible that this 

variety of lipids synergistically effect AQP0 conformation and ultimately function in a way that is 

not currently captured in the high-resolution structures.  

Overall, my thesis work expanded our knowledge of AQP0-protein and -lipid interactions and 

established valuable XL-MS, HDX-MS and native MS workflows that can be leveraged by the 

greater structural biology community.  However, despite these discoveries, many questions 

remain to be answered and thus I propose several future directions.  

1. Are the AQP0-protein interactions reported in my research regionally dependent?   

Research focused on the regional analysis of AQP0-protein interactions in the lens is largely 

lacking. Research from the Schey lab (Wang and Schey, 2017) used crosslinking-MS to identify 

the specific sites of interaction between AQP0-filensin and to quantify the levels of crosslinking 

across the lens. However, the regional interaction of AQP0 with most of the other lens proteins 
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reported thus far has not been studied. Where in the lens these interactions localize, and the 
relative level of these complexes is important for understanding the biological roles these 

interactions play in the greater context of the lens and the microcirculation system.  For example, 

we know that through its function as a water channel, AQP0 helps sustain the lens MCS; however, 

upon its interaction with other lens proteins, its role in the MCS may be significantly affected. For 

example, vimentin, one of the AQP0 interacting proteins reported in my work, shows regional 

differences in subcellular distribution. In the lens, it is found in the cortical regions, but largely 

absent in the nucleus suggesting that the AQP0-vimentin interaction serves a distinct function in 

the lens cortex. As mentioned above, AQP0 interacts with vimentin in a region where it self-

polymerizes, thus AQP0 may shield vimentin from polymerization which would directly impact the 

subcellular equilibrium between monomeric vimentin and polymerized vimentin (which may 

impact cellular structure). But it is also conceivable that vimentin, like another intermediate 

filament protein in the lens, filensin, also regulates AQP0 water permeability in the lens cortex in 

a manner that may be critical for its role in the MCS and lens transparency. 

 A possible approach to bridge this gap in knowledge is to perform an in-situ crosslinking analysis 

of an intact bovine lens to capture and quantify interactions that are localized to specialized lens 

regions.  Specifically, an intact lens could be crosslinked and dissected into distinct lens regions 

that could be analyzed via LC-MS/MS for AQP0-protein crosslinked peptides. The different 

relative levels of proteins crosslinked with AQP0 could be quantified. It is worth noting that 

crosslinking in general captures the most abundant protein complexes and, therefore, it would be 

prudent to design a sample preparation method that removes, i.e. through very gentle washes, 

relatively abundant proteins, such as crystallins while still preserving native interactions. 

Alternatively, the tissue could first be crosslinked followed by a series of washes that could be 

harsher in nature since the native interactions would have been already preserved. After 

establishing this method with a bovine lens, this very approach could be applied to study human 

lenses.   

2. Using the crosslinking workflow established in my research, it would be interesting to use 

cross-linking mass spectrometry to, on a broad scale, map lens protein-protein 

interactions.  

A lens protein interaction map could be generated to uncover novel lens biology. Several 

interactomics studies have been reported in other systems (Smythers et al. 2021; Yu and Huang, 

2018).  The workflow used in this thesis specifically enriched for membrane proteins, particularly 

AQP0. However, a few alterations to the workflow could be created to enrich for two separate 

fractions, a membrane protein fraction and a soluble protein fraction that could be analyzed 

separately by mass spectrometry-based proteomics.  Given the vital role membrane proteins play 

in many biological functions, it would be worthwhile probing the lens membrane protein 

interactome and mapping interaction interfaces. A lens protein interactome can offer mechanistic 

insight into different lens biological processes that are normal and pathological in nature.   

3. Use the experimental data from my thesis research to input intramolecular and 

intermolecular distance restraints into structural modeling software to model AQP0-protein 

interactions.  

In addition to localizing the interaction interface between two protein assemblies, crosslinking 

mass spectrometry can provide valuable structural information by producing experimental 

distance restraints for structural modeling. These distance restraints can help reduce the sampling 
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space and enhance the discriminating power of the scoring function  ultimately guiding the 

software to more accurate models (Yu and Huang, 2018). Currently, docking software, such as 

RosettaDock, HADDOCK, ClusPro, etc., require existing structures of individual proteins, either 

from experimentally determined structures (i.e. high-resolution crystal or EM structures) or models 

of these structures (generated by protein modeling software) to model protein binding interfaces 

(Lee & OôReilly, 2023). In contrast, deep learning algorithms such as AlphaFold2 and AlphaFold-

Multimer can generate models of monomers and oligomeric complexes directly from protein 

sequences. Therefore, the distance constraints derived from the crosslinked peptides in this study 

could be implemented in two important ways:  

First, the intramolecular crosslinks from my studies could be used to generate high-quality 

monomeric structures of AQP0-interacting proteins that lack a reported full-length high-resolution 

structure, using AlphaLink (Stahl et al., 2023). AlphaLink is a modified version of the AlphaFold2 

algorithm that enables the incorporation of intramolecular experimental distance restraints into 

monomer structure prediction. This could be useful for structural biologists seeking to understand 

the structure and conformations of different lens proteins based on the distance restraints 

provided. Second, the distance restraints derived from the intermolecular crosslinks from my 

studies can be utilized to model AQP0-protein complexes. This information can be incorporated 

into docking software, like RosettaDock, or deep learning algorithms, such as AlphaLink (Stahl et 

al., 2024). The latest version of AlphaLink, published in September 2024, extends its capabilities 

to predicting protein complexes by allowing incorporation of intermolecular crosslinks (as opposed 

to intramolecular crosslinks) into AlphaFold-Multimer. It is noteworthy that previous reports 

suggested that models generated by AlphaFold2 and AlphaFold-Multimer alone struggled to 

account for protein structural dynamics and flexibility which are features that XL-MS can help 

reconcile through AlphaLink (Stahl et al.,2023; Stahl et al. 2024). 

4. Do modifications (i.e. phosphorylation, truncation, acylation, lipidation, etc.) on AQP0 

and/or the interacting protein impact these interactions?  

Proteins in their native states often exist in modified and unmodified forms, and AQP0 is no 

exception. As mentioned above, several AQP0 modifications have been reported including 

phosphorylation, deamidation, acylation and truncation. Interestingly, many of the AQP0 

interacting proteins, such as Ŭ-crystallins (Berham and Harding, 2002) connexins (Johnstone et 

al. 2012) and beaded filaments (Wang et al., 2010) , are known to be post-translationally modified 

in the lens and thus, these modifications may impact the interaction. A classic example is the 

phosphorylation-dependent binding of calmodulin with AQP0, a function that regulates AQP0 

water permeability as detailed above. Thus, it would be informative to leverage the power of mass 

spectrometry, which can localize modifications at the residue level, and perform a XL-MS analysis 

that enriches for crosslinked modified AQP0-proteins, quantify and compare to unmodified 

crosslinked forms in a regionally dependent manner. Enrichment strategies will vary depending 

on the modification(s) of interest. For example, workflows could be established to enrich the 

phosphorylated form of AQP0 prior to MS analysis and these enrichment methods can be 

developed to target at the phosphoprotein or at phosphopeptide level (Fila and Honys, 2012).  For 

example, prefractionation methods that employ strong anionic ion-exchange chromatography 

(SAX), Phos-tag affinity chromatography or immunoprecipitation using phosphospecific 

antibodies could be employed (Fila and Honys, 2012). Using this approach, the following 

questions could be answered:  

¶ Does modified AQP0 interact with lens proteins at a different level than unmodified?  
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¶ Does the interaction interface change when one or, both, of the interacting proteins are 
modified? For example, it was shown that phosphorylation of the C-terminus of AQP2 
allosterically affected its affinity with lysosomal trafficking regulator protein 5 (LIP5) 
(Nesverova and Tºrnroth-Horsefield, 2019). 
 

¶ Where in the lens do the modified AQP0-protein interactions occur relative to the 
corresponding unmodified AQP0-protein interactions?  

A reasonable follow-up question to these studies would be: does the function of each interaction 
change when one, or both, of the proteins are modified? However, this question is complex 
because it would require an assay to first test the function of each interaction in the unmodified 
form and then compare it to the modified form. I think it could be interesting to approach this 
question using molecular dynamics simulations where dynamic structural changes associated 
with protein-protein complexes have been modeled (Martin and Frezza, 2022). Interestingly, MD 
simulations have been used to study the dynamic AQP0-CaM interaction and the impact of 
phosphorylation on this interaction (Fields et al., 2017). Therefore, using a similar approach, one 
could model modified AQP0 in complex with one of the proteins reported in my work and compare 
the AQP0 water permeability to unmodified AQP0 in complex with the same protein. This would 
give us mechanistic insight into AQP0 regulation and, by measuring AQP0 permeability in these 
different conditions, we can learn how AQP0 function is impacted during its interaction with 
various lens proteins.    

5. What AQP0 conformational changes occur upon interaction with different lens proteins?  

In the HDX-MS studies of this thesis work, it was found that two AQP0 extracellular loops display 

reduced solvent accessibility during the interaction with CaM suggesting that small conformational 

changes outside the canonical CaM binding site occur during the interaction. Interestingly, these 

loops are in the extracellular region of AQP0 suggesting that structural changes underpinning 

AQP0-protein interactions may be dynamic in nature and extend beyond the binding site. These 

results prompted us to propose that CaM binding may impact the interaction interface between 

neighboring AQP0-AQP0 tetramers in adjacent fiber cells, or AQP0 interactions with the 

neighboring plasma membrane. These findings thus inspire a more general question: do different 

AQP0-protein interactions induce the same conformational change in AQP0? I hypothesize that 

because each AQP0-protein interaction fulfills a unique biological role, not all interactions will 

result in the same AQP0 conformational change. Using the AQP0-CaM interaction as  model 

system, an HDX workflow was established to analyze this interaction and thus this workflow could 

be applied to probe other AQP0-protein interactions.  

6. Validate the new AQP0 interacting partners (vimentin and Cx46) found in my research 

with HDX-MS and/or docking/prediction structural software.  

As mentioned, this thesis work leveraged the well-established AQP0-CaM interaction as a model 

system to develop an HDX-MS workflow that serves as a blueprint for analyzing other AQP0-

protein interactions. Although several of the AQP0-proteins interactions reported in this work were 

previously known, two proteins, vimentin and Cx46, are novel AQP0 binding partners and 

therefore require further validation and given the established HDX-MS groundwork, it is an 

attractive approach.  

Alternatively, a few published structures of vimentin fragments and of full-length Cx46 exist which, 

as discussed above, could be incorporated  by docking software, like Rosetta, to model the AQP0-
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vimentin and AQP0-Cx46 interaction. Conversely, deep learning-based software such as 

AlphaFoldLink2 can be employed to model the entire complex structure without experimental 

structures.  

7. Does AQP0 lipid binding vary across the bovine and human lens?  

a. Perform native MS analysis of AQP0 directly analyzed from lens tissue sections. 

Towards the end of my time in the Schey lab, I began developing a workflow to analyze AQP0 

directly from lens tissue sections. To test the hypothesis that lens lipids specifically bind AQP0 in 

a regionally dependent manner, I started optimizing conditions to first detect, via native MS, 

soluble proteins from a lens tissue section. I began with soluble proteins to establish extraction 

conditions and instrument parameters. Using a 20 ɛm equatorial bovine lens tissue section from 

Dr. Zhen Wang, I spotted the cortical region with native MS buffer and directly sprayed the sample 

into the mass spectrometer. Since the sample was sprayed directly from tissue, a complex mixture 

of protein signals was detected. In Appendix Figure 74, I have annotated, in varying colors, four 

different charge state distributions representing four different protein complexes; however, 

currently, we do not know the identity of these complexes. It is possible that the 20.9 kDa species 

represents ὛB-crystallin and the 46.4 kDa species represents a ÇB2-crystallin dimer. Crystallins 

are highly abundant in the lens and thus we expected signals from this species of protein to be 

most prevalent in a soluble extract. After establishing conditions to observe soluble proteins from 

tissue, I began optimizing conditions for AQP0 using detergent in the native MS buffer. However, 

this project is still in the early stages and thus requires considerable optimization. Once an 

effective workflow is instituted for the bovine lens, this same analysis can be applied to the human 

lens to ask the very same questions.  

8. Do different AQP0-lipid interactions impact AQP0 stability?  

a. Perform ion-mobility studies to determine which lipids reduce AQP0 gas-phase 

unfolding.  

A seminal study by Laganowsky et al., (2014), used ion mobility mass spectrometry (IM-MS), a 

rapidly growing technique that measures the movement of ions traveling through an inert gas 

under an electric field, to study the folded conformations of membrane protein complexes. 

Laganowsky et al. (2014) measured the resistance of gas-phase unfolding of different lipid-bound 

membrane proteins to determine their ability to stabilize the protein structure and inform their 

functional role. A similar study could be performed with AQP0 to help us understand what role the 

lipids, identified by our native MS studies, have on AQP0 function. If AQP0 is more stable (less 

susceptible to gas-phase unfolding) when bound to a specific lipid this may suggest that one 

biological role of that specific AQP0-lipid interaction is to stabilize AQP0 structure ( i.e., the AQP0 

structure is perhaps more rigid or less dynamic in the presence of the lipid). Ultimately, the findings 

from these studies would be incorporated into functional assays. For example, if we use native 

MS to determine the local lipid environment surrounding AQP0 in different lens regions of  a 

healthy human lens, we can perform AQP0 permeability assays to test how AQP0 function is 

impacted in the presence of the identified lipids. This will inform us on AQP0 function from a 

regional standpoint in a healthy human lens. Subsequently, these experiments could be 

performed on a cataractous human lens to compare how the immediate lipid environment around 

AQP0 varies in a diseased lens versus a  healthy lens. We can then mimic the AQP0 lipid 

environment from a cataractous lens and perform permeability assays to understand how AQP0 

function is impacted in a diseased lens. We may find, for instance, that the lipids surrounding 
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AQP0 in a cataractous lens regulate AQP0 permeability differently compared to lipids in a healthy 

lens as described in the section below.   

9. Do different lens lipids impact AQP0 function, i.e. permeability? 

Functional assays (Tong et al., 2013) of AQP0 reconstituted in proteoliposomes composed of 

different lipid mixtures showed that AQP0 permeability depended on the composition of the lipid 

bilayer. They found that AQP0 displayed lower water permeability when it was embedded in 

sphingomyelin and cholesterol bilayers compared to bilayers of phosphatidylcholine and 

phosphatidylglycercol (Tong et al., 2013). In this thesis work, I found that after AQP0 isolation and 

sample preparation, which included several washes to remove soluble proteins, a variety of 

endogenous lipids from the phosphatidylcholine and sphingomyelin families remained directly 

bound to AQP0. This suggests that these lipids may have a stronger affinity for AQP0 compared 

to others and therefore, may play a role in regulating AQP0 function. It would thus be informative 

to compare AQP0 function in proteoliposomes composed of lipids identified in this study. 

Moreover, since we know lipid composition is differentially distributed across the lens, it would be 

equally interesting to compare the water permeability of AQP0 when it is reconstituted  in a cortical 

native lens lipids vs nucleus native lens lipids extract.  

10. The work from this thesis could also serve as basis for studying other lens aquaporin 

interactions, such AQP5 and AQP3, via XL-MS or through direct tissue analysis of native 

lens protein interactions. 

The high abundance levels of AQP0 in the lens has positioned it to be the most well-studied 

aquaporin in the lens and, therefore, other lens aquaporins, such as AQP5 and AQP3 have not 

been nearly as well characterized. For instance, putative interactions for AQP5 have been 

reported in the lens (Gletten, 2022; Tºrnroth-Horsefield et al., 2022), but most of these 

interactions, determined by co-immunoprecipitation, require validation. Furthermore, with the very 

recent discovery of AQP3 in the lens (Petrova et al., 2024), we are still in the early stages of 

understanding the role that AQP3 plays in the lens. Therefore, the XL-MS, HDX-MS and native 

MS workflows established in this thesis work could be excellent approaches to structurally 

defining these AQP5- and AQP3-protein interactions on a molecular level. However, one of the 

more obvious hurdles to studying these proteins is their relatively low abundance levels, therefore 

strategies would have to be developed to enrich these specific proteins. 
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APPENDIX 

 

 

 

Calmodulin-AQP0 

 

 

 

 

 

 

 

 

 

 

Appendix Figure1: Tandem mass spectrum of a quadruply charged crosslinked 

peptide [M+4H]4+ m/z 663.0977 between calmodulin K30 and AQP0 K228. The first and 

last amino acid residues of the peptides are labeled.  
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Calmodulin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 2: Tandem mass spectrum of a quadruply charged crosslinked 

peptide [M+4H]4+ m/z 692.1220 between calmodulin K94 and AQP0 K238. The first 

and last amino acid residues of the peptides are labeled.  
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Calmodulin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 3: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 933.8108 between calmodulin K21 and AQP0 K228. The first and last 

amino acid residues of the peptides are labeled.  
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Calmodulin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 4: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 676.8654 between calmodulin K30 and AQP0 K238. The first and last 

amino acid residues of the peptides are labeled.  
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Calmodulin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 5: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 678.3551 between calmodulin K94 and AQP0 K228. The first and last amino 

acid residues of the peptides are labeled.  
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Calmodulin-AQP0 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 6: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 876.1067 between calmodulin K94 and AQP0 M1. The first and last amino 

acid residues of the peptides are labeled.  
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Calmodulin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 7: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 906.112 between calmodulin K21 and AQP0 M1. The first and last amino 

acid residues of the peptides are labeled.  
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Calmodulin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 8: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 1149.2087 between calmodulin K148 and AQP0 K228. The first and last 

amino acid residues of the peptides are labeled.  
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Calmodulin-AQP0 

 

  

Appendix Figure 9: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 742.0956 between calmodulin K77 and AQP0 M1. The first and last amino 

acid residues of the peptides are labeled. Inset is a zoom-in of the mass spectrum to show 

the isotopic and/or charge state distribution of two fragment ions. 
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AQP0-Calmodulin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 10: Tandem mass spectrum of a quadruply charged crosslinked 

peptide [M+4H]4+ m/z 1074.0219 between AQP0 K259 and calmodulin K21. The first and 

last amino acid residues of the peptides are labeled.  
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Calmodulin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 11: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]4+ m/z 952.5004 between calmodulin K21 and AQP0 K238. The first and last amino 

acid residues of the peptides are labeled.  
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ŬB-crystallin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 12: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 711.8824 between ŬB-crystallin K82 and AQP0 K228. The first and last amino 

acid residues of the peptides are labeled.  
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ŬB-crystallin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 13: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 524.7916 between ŬB-crystallin K166 and AQP0 K228. The first and last 

amino acid residues of the peptides are labeled.  
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ŬB-crystallin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 14: Tandem mass spectrum of a quintuply charged crosslinked peptide 

[M+5H]5+ m/z 580.7171 between ŬB-crystallin K82 and AQP0 K238. The first and last 

amino acid residues of the peptides are labeled.  
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ŬB-crystallin-AQP0 

 

ŬB-crystallin-AQP0

 

 

Appendix Figure 15: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 581.9601 between ŬB-crystallin K150 and AQP0 M1. The first and last amino 

acid residues of the peptides are labeled.  

Appendix Figure 16: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 511.2632 between AQP0 M1 and ŬB-crystallin K72. The first and last amino 

acid residues of the peptides are labeled.  
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AQP0-ŬB-crystallin 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 17: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 471.5165 between AQP0 K238 and ŬB-crystallin K150. The first and last 

amino acid residues of the peptides are labeled.  
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ŬB-crystallin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 18: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 457.7484 between ŬB-crystallin K150 and AQP0 K228. The first and last 

amino acid residues of the peptides are labeled.  
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ŬB-crystallin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 19: Tandem mass spectrum of a quintuply charged crosslinked 

peptide [M+5H]5+ m/z 481.4866 between ŬB-crystallin K92 and AQP0 K238. The first 

and last amino acid residues of the peptides are labeled.  
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ŬB-crystallin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 20: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 566.8105 between ŬB-crystallin K92 and AQP0 M1. The first and last amino 

acid residues of the peptides are labeled.  
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ŬB-crystallin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 21: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 671.3507 between ŬB-crystallin K166 and AQP0 M1. The first and last 

amino acid residues of the peptides are labeled.  
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AQP0-ŬB-crystallin 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 22: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 404.7241 between AQP0 K228 and ŬB-crystallin K72. The first and last amino 

acid residues of the peptides are labeled.  
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ŬA-crystallin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 23: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 658.6662 between ŬA-crystallin K166 and AQP0 K228. The first and last 

amino acid residues of the peptides are labeled.  
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AQP0-filensin 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 24: Tandem mass spectrum of a quadruply charged crosslinked 

peptide [M+4H]4+ m/z 836.6850 between AQP0 K259 and filensin K367. The first and 

last amino acid residues of the peptides are labeled.  
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Vimentin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 25: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 521.0364 between vimentin K120 and AQP0 K228. The first and last amino 

acid residues of the peptides are labeled.  
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Vimentin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 26: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 666.3424 between vimentin K120 and AQP0 M1. The first and last amino 

acid residues of the peptides are labeled.  
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Vimentin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 27: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 820.4065 between vimentin K104 and AQP0 M1. The first and last amino acid 

residues of the peptides are labeled.  



101 
 

 

Vimentin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 28: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 636.5835 between vimentin K104 and AQP0 K228. The first and last amino 

acid residues of the peptides are labeled.  
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Phakinin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 29: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 767.4029 between phakinin K312 and AQP0 M1. The first and last amino acid 

residues of the peptides are labeled.  
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Phakinin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 30: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 691.8921 between phakinin K297 and AQP0 K228. The first and last amino 

acid residues of the peptides are labeled.  
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Phakinin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 31: Tandem mass spectrum of a quadruply charged crosslinked 

peptide [M+4H]4+ m/z 486.7445 between phakinin K143 and AQP0 M1. The first and last 

amino acid residues of the peptides are labeled.  
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Phakinin-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 32: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 544.6089 between phakinin K285 and AQP0 M1. The first and last amino 

acid residues of the peptides are labeled.  
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Phakinin-AQP0 

 

 

 

 

 

  

Appendix Figure 33: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 894.1583 between phakinin K297 and AQP0 M1. The first and last amino 

acid residues of the peptides are labeled.  
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CX46-AQP0 

 

  

Appendix Figure 34: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 650.0231  between CX46 G2 and AQP0 K238. The first and last amino acid 

residues of the peptides are labeled. Inset is a zoom-in of the mass spectrum to show the 

isotopic and/or charge state distribution of five fragment ions.  
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CX46-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 35: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 631.6649 between CX46 G2 and AQP0 K228. The first and last amino acid 

residues of the peptides are labeled.  
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CX46-AQP0 or CX50-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 36: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 521.9221 between AQP0 M1 and CX50/CX46 K105. The first and last 

amino acid residues of the peptides are labeled.  
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CX50-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 37: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 580.3249 between CX50 K271 and AQP0 K238. The first and last amino acid 

residues of the peptides are labeled.  
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CX50-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 38: Tandem mass spectrum of a quadruply charged crosslinked 

peptide [M+4H]4+ m/z 699.8742 between CX50 K244 and AQP0 M1. The first and last 

amino acid residues of the peptides are labeled.  
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CX50-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 39: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 566.5549 between CX50 K271 and AQP0 K228. The first and last amino acid 

residues of the peptides are labeled. Inset is a zoom-in of the mass spectrum to show isotopic 

and/or charge state distribution of two fragment ions.  
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CX50-AQP0 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 40: Tandem mass spectrum of a quadruply charged crosslinked peptide 

[M+4H]4+ m/z 754.6469 between CX50 K310 and AQP0 K228. The first and last amino 

acid residues of the peptides are labeled.  
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CX50-AQP0 

 

 

 

 

 

Appendix Figure 41: Tandem mass spectrum of a triply charged crosslinked peptide 

[M+3H]3+ m/z 727.0365 between CX50 K271 and AQP0 M1. The first and last amino acid 

residues of the peptides are labeled.  



115 
 

A       B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 42: Distance measurements of calmodulin-AQP0 
crosslinks mapped onto the AQP0-calmodulin EM structure and reported in 
Table 1. 
 
Distances between the two crosslinked CŬ (alpha carbons of protein backbone) 
were mapped onto the AQP0-calmodulin EM structure (PDB: 3J41) for each 
crosslink reported in Table 1. Distances were measured from CaM (pink) to 
subunit 1 of AQP0 (dark blue) in (A) and to subunit 2 of AQP0 (light blue) in (B). 
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Appendix  Figure 43: PC 30:0 experimental (blue) and spectral library 

matching fragmentation spectra (red). 
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Appendix Figure 44: PC 32:1 experimental (blue) 

and spectral library matching fragmentation spectra 

(red). 
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Appendix Figure 45: PC 16:0_16:0 experimental (blue) and spectral library 

matching fragmentation spectra (red). 
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Appendix Figure 46: PC 34:1 experimental (blue) and spectral library 

matching fragmentation spectra (red). 
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Appendix Figure 47: PC 36:4 experimental (blue) and spectral 

library matching fragmentation spectra (red). 
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Appendix Figure 48: SM 40:1;2O experimental (blue) and 

spectral library matching fragmentation spectra (red). 
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Appendix Figure 49: PC 36:2 experimental (blue) and spectral 

library matching fragmentation spectra (red). 
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Appendix Figure 50: PC 33:0 experimental (blue) and spectral library 

matching fragmentation spectra (red). 
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Appendix Figure 51: PC O-32:1 experimental (blue) and spectral 

library matching fragmentation spectra (red). 
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Appendix Figure 52: PC O-30:0 experimental (blue) and spectral 

library matching fragmentation spectra (red). 
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Appendix Figure 53: PC O-32:0 experimental (blue) and spectral 

library matching fragmentation spectra (red). 
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Appendix Figure 54: PC O-34:2 experimental (blue) and spectral 

library matching fragmentation spectra (red). 
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Appendix Figure 55: PC O-34:1 experimental (blue) and spectral 

library matching fragmentation spectra (red). 
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Appendix Figure 56: SM 44:3;2O experimental (blue) and spectral 

library matching fragmentation spectra (red). 
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Appendix Figure 57: SM 41:2;2O experimental (blue) and spectral 

library matching fragmentation spectra (red). 
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Appendix Figure 58: PC 36:1 experimental (blue) and 

spectral library matching fragmentation spectra (red). 
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Appendix Figure 59: SM 42:3;2O experimental (blue) and 

spectral library matching fragmentation spectra (red). 
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Appendix Figure 60: SM 42:2;2O experimental (blue) and 

spectral library matching fragmentation spectra (red). 



134 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Fiugre 61: SM 44:2;2O experimental (blue) and 

spectral library matching fragmentation spectra (red). 
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Appendix Figure 62: SM 40:2;2O experimental (blue) and 

spectral library matching fragmentation spectra (red). 
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Appendix Figure 63: SM 34:1;2O  experimental (blue) and spectral library 

matching fragmentation spectra (red). 



137 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CrudeC_4Murea_9BE_4uM_tip7A_60DS_011224TG5_25k_4 #1-41 RT: 0.01-0.46 AV: 41 NL: 1.70E4
T: FTMS + p NSI Full ms [500.0000-10000.0000]
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Appendix Figure 64: Extended native mass spectrum of tetrameric crude AQP0 from 

the bovine lens cortex.  
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Appendix Figure 65: Tandem mass spectrum of crude AQP0 from the bovine lens 

cortex after fragmentation at 200 V of the isolation window.  

CrudeCurea_2uM_5942SMALL_9xBE__60DS_5TG_021324_AVG2 #13-170 RT: 0.17-3.40 AV: 158 NL: 9.67E3
F: FTMS + p NSI Full ms2 6035.0000@hcd200.00 [500.0000-10000.0000]
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Appendix Figure 66: Extended native mass spectrum of tetrameric crude 

AQP0 from the bovine lens nucleus.  

CrudeNurea_4uM_Tip8A_60DS_5TG_022324_1 #1-30 RT: 0.01-0.34 AV: 30 NL: 3.62E4
T: FTMS + p NSI Full ms [500.0000-10000.0000]
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CrudeNuc_2uM_70D_MSMS__tip8A_040424_tip5_50KAVG #9-122 RT: 0.21-2.84 AV: 114 NL: 1.80E3
F: FTMS + p NSI Full ms2 6035.0000@hcd200.00 [500.0000-10000.0000]
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Appendix Figure 67: Tandem mass spectrum of crude AQP0 from the bovine lens 

nucleus after fragmentation at 200 V of the isolation window.  
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Appendix Figure 68: Extended native mass spectrum of tetrameric 

purified AQP0.  

PureAQP0_3uM_tip8A_60DS_5TG_040424_AVG_tip2 #1-43 RT: 0.01-0.48 AV: 43 NL: 7.71E4
T: FTMS + p NSI Full ms [500.0000-10000.0000]
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Appendix Figure 69: Tandem mass spectrum of purified AQP0 after fragmentation at 200 V 

of isolation window. Inset is a zoom-in of the low m/z range.  
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PureAQP0_3uM_satlipidext_tip8A_60DS_5TG_040424_AVG_tip2_25k_20240406160620 #11-91 RT: 0.12-1.02 AV: 81 NL: 1.61E4
T: FTMS + p NSI Full ms [500.0000-10000.0000]
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Appendix Figure 70: Extended native mass spectrum of tetrameric purified AQP0 

incubated with cortical lens lipid extract.  
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Appendix Figure 71: Tandem mass of AQP0 incubated with cortical lens lipid 

extract after fragmentation at 200 V of isolation window.   

PureAQP0_3uM_CORTEXlenslipidext_tip8A_60DS__MSMS5943_AVG1_062124 #14-78 RT: 0.22-1.54 AV: 65 NL: 4.86E3
F: FTMS + p NSI Full ms2 6035.0000@hcd200.00 [500.0000-10000.0000]
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PureAQP0_3uM_Nuclenslipext_tip8A_60DS_MSMS6273_AVG_052424_tip1 #1-9 RT: 0.01-0.10 AV: 9 NL: 2.71E4
T: FTMS + p NSI Full ms [500.0000-10000.0000]
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Appendix Figure 72: Extended mass spectrum of purified AQP0 incubated with nucleus 

lens lipid extract.  



146 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 73:  Tandem mass spectrum of AQP0 incubated with nucleus lens 

lipid extract after fragmentation at 200 V of isolation window.  

PureAQP0_3uM_Nuclenslipext_tip8A_60DS_MSMS6273_AVG_052424_tip1_20240524155758 #14-170 RT: 0.20-3.41 AV: 157 NL: 4.84E3
T: FTMS + p NSI Full ms2 6375.0000@hcd200.00 [500.0000-10000.0000]
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Appendix Figure 74:  Native mass spectrum of soluble proteins analyzed directly 

from a bovine lens tissue section. Orange charge state distribution represents a 

putative ὛB-crystallin monomer, blue charge state distribution represents a putative 

ÇB2-crystallin dimer, and green, red and purple charge state distributions are 

unknown proteins.  


