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Abstract 1 

The mechanical properties of red blood cells (RBCs) are fundamental for their physiological 2 

role as gas transporters. RBC flexibility and elasticity allow them to survive the hemodynamic 3 

changes in the different regions of the vascular tree, to dynamically contribute to the flow 4 

thereby decreasing vascular resistance, and to deform during the passage through narrower 5 

vessels. RBC mechanoproperties are conferred mainly by the structural characteristics of 6 

their cytoskeleton, which consists predominantly of a spectrin scaffold connected to the 7 

membrane via nodes of actin, ankyrin and adducin. Changes in redox state and treatment 8 

with thiol-targeting molecules decrease the deformability of RBCs and affect the structure 9 

and stability of the spectrin cytoskeleton, indicating that the spectrin cytoskeleton may contain 10 

redox switches. In this perspective review, we revise current knowledge about the structural 11 

and functional characterization of spectrin cysteine redox switches and discuss the current 12 

lines of research aiming to understand the role of redox regulation on RBC mechanical 13 

properties. These studies may provide novel functional targets to modulate RBC function, 14 

blood viscosity and flow, and tissue perfusion in disease conditions. 15 

 16 

Keywords: reactive species interactome, hemoglobin, nitric oxide, spectrin structure, 17 

molecular simulations  18 
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Introduction 1 

Red blood cells (RBCs) are anucleate, biconcave-shaped, disc-like cells, which are 2 

specialized in compartmentalization and transport of respiratory gases from the lungs to the 3 

peripheral tissues and back (Hall 2015). The biochemical, biological, and biophysical 4 

characteristics of RBC are highly specialized for this purpose (Kuhn et al. 2016). A loss of 5 

RBC integrity (also termed as hemolysis) and the release of hemoglobin (Hb) into the 6 

circulation may induce toxic effects, including systemic nitric oxide (NO) scavenging and 7 

oxidation reactions (Kuhn et al. 2016). 8 

The mechanical and biophysical properties of RBCs are particularly important for their 9 

physiology (Kuhn et al. 2016). Their biconcave shape increases the surface for a more 10 

efficient gas exchange. Moreover, RBCs are also extremely elastic and flexible, two 11 

properties that allow them to survive the dramatic changes in flow conditions along the 12 

vascular tree, as well as to deform in the narrower vessels of the microcirculation (Hall 2015).  13 

These mechanical properties are mainly conferred by the RBC cytoskeleton, which 14 

has a unique protein composition and structural characteristics. The main protein component 15 

of the RBC cytoskeleton are spectrin fibrils, which are connected to each other by nodes of 16 

actin and anchored to the membrane by ankyrin and adducin. This forms a very elastic and 17 

flexible scaffold stabilizing the membrane and providing the RBCs with their typical biconcave 18 

shape (Figure 1). 19 

Interestingly, changes in cellular redox state and/or oxidative modifications of 20 

cytoskeletal proteins induced by pathological conditions like diabetes or genetic defects of 21 

antioxidant enzymes are known to affect cell shape, RBC deformability, membrane stability, 22 

and resistance to osmotic stress, as well as half-life of RBCs in the circulation and/or induce 23 

hemolytic anemia (Kuhn et al. 2016). Such effects are also induced by treating RBC in vitro 24 
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with reagents targeting thiol groups (Fischer et al. 1978; Smith and Palek 1983; Sullivan and 1 

Stern 1984; Becker et al. 1986), including N-ethylmaleimide (NEM) and diamide (Smith and 2 

Palek 1983; Becker et al. 1986; Zaccarin et al. 2014; Sinha et al. 2015). These observations 3 

indicate that the stability of the RBC membrane and RBC mechanoproperties may be 4 

regulated by specific cysteine redox switches, which may be present in the RBC cytoskeleton. 5 

In this perspective review, we summarize current knowledge about the structural and 6 

functional characterization of spectrin cysteine redox switches and discuss the current lines 7 

of research aiming to understand the role of redox regulation on RBC mechanical properties. 8 

In particular, we will describe (1) structural and functional characteristics of spectrin, including 9 

general biochemical characteristics, structural models at different resolutions, and its main 10 

binding partners, (2) evidence for potential redox switches in spectrin, (3) how cysteine redox 11 

switches in spectrin may contribute to controlling RBC deformability and influencing blood 12 

rheology, and (4) the (patho)physiological implications. The study of redox switches in RBCs 13 

may reveal potential molecular targets for pharmacological intervention in diseases such as 14 

hemoglobinopathies or malaria. 15 

  16 
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Structural and functional characteristics of spectrin 1 

The RBC integrity, biconcave shape (Figure 1A), and mechanical properties are 2 

mainly defined by the peculiar structural dynamics of their cytoskeleton (Mohandas and 3 

Gallagher 2008). A major component of the cytoskeleton is spectrin (Marchesi and Steers 4 

1968). There are two isoforms of spectrin, the erythroid isoform (SpI), expressed only in 5 

erythroid cells, and the non-erythoroid isoform (SpII), which is found in other cell types, 6 

including platelets and neuronal cells (Goodman et al. 2019). 7 

In the native RBC cytoskeletal organization, spectrin fibrils are arranged to form the 8 

sides and diagonals of a hexagonal unit (Figure 1B, C) and are connected to each other via 9 

nodes of short actin polymers, stabilized by the cytoskeleton protein adducin and the 10 

cytoskeleton-associated protein 4.1 (also termed band 4.1) (Figure 1C, D). The spectrin 11 

hexagonal units form a flexible network under the lipid bilayer (Liu et al. 1987) and are 12 

connected to the lipid bilayer via the scaffolding protein ankyrin (Bennett 1992), which 13 

interacts with the transmembrane protein band 3 (Mohandas and Gallagher 2008; Goodman 14 

et al. 2013). In this section, we describe the general structure of the RBC cytoskeleton, with 15 

a specific focus on the structural characteristics of spectrin including spectrin repeat domains 16 

and domain organization, and the available structural models of spectrin (Figure 1). 17 
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 1 

Figure 1 - Cytoskeleton of RBCs. A. Schematic view of the biconcave shape of RBCs. B. The structure 2 

of the cytoskeleton is enlarged, showing the lipid double membrane with spectrin and actin building hexameric 3 

units. Adapted from Goodman et al. (Goodman et al. 2019). C. The hexameric arrangement is enlarged. α-4 

spectrin und β-spectrin is stretched between a complex of actin, adducin, and band 3. Ankyrin binds at the 5 

center of the spectrin tetramer and connects it to the membrane via band 3. Adducin caps the barbed end of 6 

the actin polymer. D. Detailed representation of the complex mentioned in panel C. Prx2 peroxiredoxin 2; CH 7 

calponin homology; CH1 and CH2 are actin binding domains of β-spectrin; EF calcium ion–binding EF hand 8 

domain of α-spectrin; GEC glycolytic enzyme complex; Glut1 glucose transporter 1; GPA glycophorin A; GPB 9 

glycophorin B; GPC/D glycophorins C and D; RhAG Rh-associated glycoprotein. Adapted from Lux et al (Lux 10 
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2016). E. Surface representation of our structural model of the spectrin tetramer. The hollow double-start helix 1 

is clearly visible. α-spectrin chains are colored in red and orange; β-spectrin chains are colored in blue and 2 

purple. F. Our tetramer model with cartoon representation of the spectrin repeat (SR) domains. Cysteine sulphur 3 

atoms are shown as yellow spheres (van-der-Waal radii are increased for visibility). G. Part of the multiple 4 

sequence alignment of human α-spectrin and other vertebrate sequences of erythroid spectrin which was used 5 

to assess the evolutionary conservation of cysteines. This example corresponds to residues 1390-1468 of 6 

human αSpI and shows two conserved cysteines, 1394 and 1404 (yellow, marked with numbers). Not all 7 

sequences are shown for clarity. Colored residues indicate high identiy according to the ‘identity’ coloring option 8 

of Mview; colors vary according to physicochemical properties as specified in the MView documentation 9 

(Madeira et al. 2019). Full alignments of erythrocytic α- or β-spectrin sequences with their UniProt accession 10 

numbers are available at http://dx.doi.org/10.25838/d5p-13 . 11 

 12 

Structure of the spectrin fibrils  13 

The spectrin fibril consists of αI (2,419 amino acids, 280 kDa) and βI (2,137 amino 14 

acids, 246 kDa) spectrin (for the context of RBC hereafter referred to as α and β), encoded 15 

by the SPTA1 and SPTB gene, respectively. One α and β subunit each form a heterodimer 16 

(Shotton et al. 1979; Speicher et al. 1992), where the C-terminus of α-spectrin and the N-17 

terminus of β-spectrin interact with each other. Two αβ-dimers associate in a head-to-head 18 

manner with their β-spectrin C-terminus and α-spectrin N-terminus, creating a tetramerization 19 

region on each αβ-dimer (DeSilva et al. 1992; Ipsaro et al. 2010). The mass of the 20 

physiological tetramer structure is ~1000 kDa (Goodman et al. 2019). A main focus has been 21 

the investigation of the spectrin mesh in membrane patches of RBC or RBC ghosts, RBC 22 

depleted of hemoglobin and other cytoplasmic proteins, via different electron microscopic 23 

imaging methods, atomic force microscopy, or super-resolution microscopy, leading to 24 

coarse-grained structural representations of spectrin. From early electron micrographs of 25 

partially extended RBC ghosts, the helicality of the spectrin fibril was evident and 26 
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subsequently modeled as a two-start helix (McGough and Josephs 1990). In these stretched 1 

conformations, spectrin fibrils are visible as straight lines connecting the actin nodes and 2 

having a maximum end-to-end distance of ~200 nm (Liu et al. 1987; McGough and Josephs 3 

1990). In the resting state, however, spectrin was found to be much shorter with estimations 4 

of approximately 45-65 nm length (Swihart et al. 2001; Nans et al. 2011; Brown et al. 2015). 5 

Nonetheless, the question of the accurate preservation of the physiological resting state in 6 

electron and atomic force microscopic (AFM) experiments remains a challenge. More recent 7 

experiments using super-resolution microscopy represent so far the most native-like state of 8 

the RBC membrane and suggest a physiological resting length of ~80 nm (with minimal and 9 

maximal values of 50 and 150 nm) (Pan et al. 2018). 10 

McGough and Josephs calculated the diameter of the spectrin fibril via Fourier 11 

analysed electron micrographs (McGough and Josephs 1990). In their model, they observed 12 

a negative correlation between the diameter and the pitch of the two-start helix, with a 13 

diameter of 3.6 nm and a pitch of 16.6 nm for the stretched state and a diameter of 5.2 nm 14 

and a pitch of 10.4 nm for the resting state. A similar diameter of 4.0 – 4.5 nm was reported 15 

from electron tomography studies (Nans et al. 2011). 16 

Spectrin repeat domains and domain organization 17 

The spectrin repeat (SR) domain is the main structural subunit of spectrin. The SR is 18 

an antiparallel, three-helix (a-c) coiled-coil domain of about 106 amino acids length. 20 and 19 

16 SR make up α and β spectrin, respectively. Obtaining molecular structures of (multiple 20 

connected) SR together with detailed information about the coiled-coil helix arrangement and 21 

other atomistic properties is a current research area in the study of spectrin and its 22 

mechanical properties. Although sequences of the SR can vary substantially (from ~9% to 23 

~36% sequence identity using the 37 SR of α- and β spectrin), the overall SR structure is 24 
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highly conserved (see for example Brown et al. (2015) for a structural alignment of SR 1 

crystals structures). 2 

The linker region between two SR is α-helical as well and continues helix c to the 3 

helix a of the following SR (Grum et al. 1999). Nonetheless, the linker region is able to bend 4 

in different angles (Brown et al. 2015) and, thus, influences the pitch of the helical spectrin 5 

structure. For some of the SR, it was shown that co-translational folding occurs (Nilsson et 6 

al. 2017) and that neighboring repeat domains exert an effect on the co-translational folding 7 

that is specific for different SR (Kemp et al. 2020). Individual measurements of the melting 8 

temperature of each individual SR in erythroid spectrin support the idea that, despite their 9 

similarity in secondary and tertiary structure, SR actually differ significantly in some of their 10 

physico-chemical properties (An et al. 2006). 11 

High-resolution structures of different SR are available (Yan et al. 1993; Grum et al. 12 

1999), including structures of up to three consecutive SR (SRβ 13-15, 15% coverage of β-13 

spectrin (Ipsaro and Mondragón 2010) and SRβ 14-16, 14% coverage of β-spectrin (Davis 14 

et al. 2009)) and of the tetramerization domain (covering SRα 0-1 and SRβ 16-17); the latter 15 

is the largest substructure of spectrin that has been crystalized (Ipsaro et al. 2010). Units of 16 

up to four consecutive SR have been resolved so far for α-actinin (Ylänne et al. 2001) and 17 

the Plakin domain of Desmoplakin, containing an additional SH3 domain (Choi and Weis 18 

2011). Constructs larger than that become rapidly more flexible with each additional SR, 19 

making it more and more difficult to determine a crystal structure. 20 

The dimerization of the α and β chain is initiated at SR β 1-2 and α 20-21 via long-21 

range interactions (Li et al. 2008). After this specific step, the chains bind together via weaker 22 

interactions of the following SR (Li et al. 2007), coiling around each other. 23 

Domain organization and interaction with other cytoskeletal proteins 24 
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Spectrin is indirectly connected to the RBC membrane via the erythrocyte-specific 1 

isoform of ankyrin (Bennett 1992), which binds with its ZU5 domain at SR 14-15 of β-spectrin 2 

(Ipsaro and Mondragón 2010), such that there are two potential binding sites for ankyrin 3 

roughly in the middle of the spectrin tetramer. In erythrocytes, ankyrin binds to the membrane 4 

protein band 3 (Pinder et al. 1995). Having an integral membrane domain as well as a 5 

cytoplasmic domain (Lux et al. 1989), band 3 thus connects the RBC plasma membrane to 6 

the spectrin mesh (Figure 1).  7 

The N-terminal CH domains of β-spectrin and the C-terminal EF hand domain of α-8 

spectrin together form both equivalent ends of tetrameric spectrin. The CH domains bind to 9 

the short actin filaments (Karinch et al. 1990; An et al. 2005), supported by the EF hand 10 

domain (Korsgren and Lux 2010). Additionally, protein 4.1 is binding at the calponin homology 11 

(CH) domain (An et al. 2005) and facilitates the binding of spectrin and actin (Ohanian et al. 12 

1984). Six spectrin tetramers can bind one actin filament (Liu et al. 1987), which gives rise to 13 

the hexagonal pattern of the cytoskeletal mesh. Adducin caps the barbed ends of the actin 14 

filaments, preventing further growth of the actin polymer structure (Kuhlman et al. 1996) and, 15 

at the same time, can interact with band 3 as well to give another anchoring point to the 16 

plasma membrane (Anong et al. 2009). The adducin binding site on band 3 as identified in 17 

mutational studies suggests, however, that adducin and ankyrin likely are not able to bind to 18 

band 3 at the same time due to steric hindrance (Franco et al. 2016).  19 

The SH3 domain of spectrin (also referred to as SR α10) is generally capable of 20 

forming various protein-protein interactions (Mayer 2001). Yet, its specific functions in 21 

erythroid spectrin is not yet fully understood. The spectrin-actin cytoskeleton furthermore 22 

interacts with a range of additional proteins, including tropomyosin, tropomodulin, and 23 

dematin, which are discussed elsewhere in more detail (Lux 2016; Goodman et al. 2019). 24 
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Structural models of spectrin 1 

The exact mechanism of how spectrin is able to change between its resting and 2 

extended lengths, and how it thus provides flexibility to the RBC cytoskeleton, remains a topic 3 

of debate. Structural models of spectrin, ideally at the atomistic level, bridge the gap between 4 

coarse-grained representations of full-length spectrin and the atom-level information obtained 5 

from SR structures available for parts of the spectrin sequence only. That way, the structural 6 

models can contribute to scrutinizing the mechanisms how the spectrin fibril in its 7 

physiological state performs its function as the main component for RBC deformability. 8 

The molecular origins of spectrin flexibility and its elastic properties were investigated 9 

by atomistic and coarse-grained molecular simulations (Mirijanian et al. 2007), based on 10 

crystal structures of up to four SRs (Autore et al. 2013) and the tetramerization domain 11 

complex (Ipsaro et al. 2010). Note that such simulations may miss the influence of further 12 

structural parts that had not been structurally resolved at that time as well as information 13 

about the physiological conformation of SR in the spectrin tetramer.  14 

There are three main models of how spectrin stretches from a compressed to an 15 

extended state. The first one assumes the unfolding of SR domains to be responsible for the 16 

extension, based on unfolding experiments of multi-SR units with AFM (Law et al. 2003) and 17 

related steered MD simulations (Paramore and Voth 2006). While this unfolding might occur 18 

physiologically under extreme conditions, it is unlikely to play a role in the earlier stages of 19 

extension and short, compressed states, which can be better explained by one of the other 20 

two models. 21 

The second model proposes a soft-polymer, worm-like behavior of the spectrin 22 

tetramer under compression; a regular, linear double helix is only obtained in stretched states 23 

(Shotton et al. 1979). This type of model is also supported by the most detailed simulations 24 

of the spectrin tetramer so far (Mirijanian and Voth 2008).  25 
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Mirijanian et al. conducted atomistic molecular dynamics simulations of double SR 1 

units (Mirijanian et al. 2007), which allow for the helical linker between two SR to bend and 2 

twist without unfolding. The observed SR dynamics was transferred to a coarse-grained 3 

(Mirijanian and Voth 2008) representation of the spectrin tetramer model for further 4 

simulations. However, the lengths of the molecular dynamics simulations of only 45 ns used 5 

to parameterize the SR dynamics appear too short by current standards to have reached 6 

convergence. Furthermore, the parametrization of the coarse-grained model did not take into 7 

account the interaction between the individual spectrin chains, which could be crucial for a 8 

stable linear double helix arrangement.  9 

The third type of models assumes a spring-like extension mechanism in which the 10 

linear double helix conformation stays intact across a wide a range of lengths, as suggested 11 

from the early electron micrographs of stretched RBC ghosts (McGough and Josephs 1990). 12 

The Chinese finger trap model (Brown et al. 2015) belongs to this category and is likely the 13 

most advanced published quaternary structure model of the full-length spectrin 14 

heterotetramer so far. It uses atomistic homology models of all SR with the crystal structure 15 

of SR α16 as a template.  16 

The SR were arranged to fulfill different length and helix pitch constraints. The linker 17 

region of SR was not explicitly modeled in the complete structure but would have to adopt a 18 

90° angle in the most compressed state, with which it loses its α-helical structure. This model 19 

is consistent with the linear shape of the tetramer found at different lengths (Nans et al. 2011). 20 

Nonetheless, it was not yet subjected to a test in simulations, and the challenge remains to 21 

acquire high resolution structures of the whole spectrin tetramer in its near physiological state 22 

to verify details about the models. 23 

In own, unpublished work, we constructed a structural model of the α/β-β/α-complex 24 

of human SpI at the atomistic level to determine the accurate interacting surfaces between 25 



 13 

each complimentary pair of SRs. We did so to investigate the localization of cysteine switches 1 

and their role on spectrin properties. We exploited information on the structural dynamics of 2 

SRs as done before, but based on ~10-fold longer molecular dynamics simulations, together 3 

with distance information derived from cross-linking experiments between the α3 and α4 units 4 

of SpI, the length of the spectrin α/β-β/α-complex derived from the protein composition of the 5 

erythrocytes (Li et al. 2008; Brown et al. 2015), as well as cross-linking experiments on the 6 

full α/β-β/α-complex of SpI. The helical structure of one spectrin α/β chain was generated by 7 

repeatedly superimpositioning the copies of an SR according to this information and using 8 

the 3 SR unit crystal structure (Davis et al. 2009) as a structural alignment template, yielding 9 

a model of 38 SR of SpI similar to previous approaches (Brown et al. 2015). The 38-SR model 10 

was used then as a template for comparative modeling with the in-house tool TopModel 11 

(Mulnaes and Gohlke 2018; Mulnaes et al. 2020). Finally, two α/β-chains were manually 12 

arranged such that they fulfil cross-links information (Li et al. 2008), resulting in the tetrameric 13 

α/β-β/α-complex built of ~126 000 atoms (Figure 1E, F).The model obtained has an overall 14 

length, SR number per turn, handedness, hollowness, and intra-subunit and inter-subunit 15 

distances in agreement with experimental data (Brown et al. 2015).  16 

Our model thus belongs to the third type of models mentioned above, which is 17 

expected to remain mainly linear and with a regular helicality of the antiparallel double helix. 18 

Still, as is the case for the coarse-grained model of the soft-polymer category (Mirijanian and 19 

Voth 2008), missing protein-protein interactions found under native conditions, such as with 20 

actin oligomers, may lead to non-linear conformations in simulations. 21 

Another promising method to evaluate specific structural models of spectrin is (single-22 

particle) cryo-EM, which was used on several cytoskeletal and filamentous proteins such as 23 

F-actin (Merino et al. 2018; Chou and Pollard 2019), tropomyosin (Ecken et al. 2016) or 24 

microtubules (Debs et al. 2020) in recent years. For proteins of the spectrin family, however, 25 
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only the actin binding domain of a neuron specific isoform of spectrin was structurally 1 

resolved by cryo-EM so far (Avery et al. 2017). In this regard, further pursuing to resolve the 2 

structure and different elongation states of the spectrin tetrameric fibril with cryo-EM will be 3 

very valuable. 4 

Mesoscopic and macroscopic models 5 

The biconcave shape of the RBC is due to the constant tension of the spectrin fibrils 6 

(Park et al. 2010). In order to model red cell dynamics on a cellular level (i.e., deformability, 7 

shear properties, and membrane/cytoplasm viscosity), mechanical representations of the 8 

spectrin mesh as networks of springs are frequently employed (Fedosov et al. 2010a). The 9 

macroscopic models, however, generally do not use atomistic information but rather rely on 10 

experimental techniques such as optical tweezers to deform the RBC or dynamic scattering 11 

microscopy to track the microrheology of RBC to obtain parameters for subsequent 12 

simulations (Amin et al. 2007).  13 

Mesoscopic RBC models (Noguchi and Gompper 2005; Fedosov et al. 2010b) 14 

together with particle dynamics techniques to simulate fluid flow (Español and Revenga 2003; 15 

Müller et al. 2015) are able to scrutinize a variety of RBC mechanical properties (Chien et al. 16 

2019). These approaches present an opportunity to link ultimately the atomistic properties in 17 

the spectrin molecule to the behavior of RBC and blood flow. 18 

Potential cysteine redox switches in spectrin – evidence and 19 

functional significance 20 

There is evidence that chemical modification of thiols in spectrin affects the structure 21 

and stability of the RBC cytoskeleton, membrane symmetry, and RBC shape (Fischer et al. 22 

1978; Smith and Palek 1983; Becker et al. 1986; Arduini et al. 1989). The localization of 23 
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cysteine redox switches on spectrin is still unknown, also because of the lack of a structural 1 

spectrin model with sufficient resolution, as discussed in the previous section. Nature, 2 

reversibility and the physiological/pathological conditions leading to spectrin modifications 3 

have remained elusive either. In this section, we summarize the existing evidence of the 4 

presence of cysteine redox switches in spectrin and discuss their potential functional 5 

significance. 6 

Putative cysteine redox switches in spectrin 7 

There is preliminary evidence that spectrin carries cysteine redox switches affecting 8 

the deformability and the membrane stability of RBCs, but their physiological significance is 9 

unknown. In the 1970/80, a number of studies demonstrated that treating isolated spectrin 10 

with monovalent or divalent thiol group-targeting molecules such as NEM or diamide leads 11 

to significant changes in electrophoretic behavior of spectrin, cell structure, and resistance to 12 

various stresses (like osmotic pressure, temperature and shear) (Fischer et al. 1978; Becker 13 

et al. 1986; Go et al. 2015).  14 

Interestingly the nature of the chemical modifiers of the thiols of spectrin determines 15 

the outcome on the mechanical and physiological properties of the cells. In a pioneering 16 

paper, Fischer et al. showed that monofunctional reagents such as NEM are less potent as 17 

these compounds require that more than 20% of the membrane SH-groups are modified in 18 

order to diminish elongation of RBCs by 50%. In contrast, divalent compounds such as 19 

diamide, which is able to also induce cross-links, induce the same effects on RBC elongation 20 

by blocking less than 5% of the membrane SH-groups.  21 

The marked differences in effectivity between cross-linking and monofunctional agents 22 

could be interpreted by assuming that monofunctional reagents irreversibly block thiols and, 23 

thus, prevent formation of disulfide bonds; in turn diamide promotes formation of disulfide 24 
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bonds, which appear to be essential for regulation of deformability and membrane stability.  1 

The interaction of spectrin with membrane proteins such as band 3 and band 4.2 were 2 

proposed to be the node of regulation of shape, cytoskeletal flexibility, and deformation 3 

(Fischer et al. 1978; Becker et al. 1986; Go et al. 2015). Interestingly, labelling experiments 4 

by Fisher et al. (Fischer et al. 1978) identified band 3 and band 4.1 as targets of crosslinking 5 

induced by diamide. It is important to point out that, although these studies are compelling, 6 

the exact position of targeted thiols as well as the physiological relevance of the thiol 7 

modifications need further extensive investigation.   8 

Regulatory cysteines in proteins are often highly conserved among vertebrates (Go et 9 

al. 2015). Goodman found conserved cysteines in the C-terminal region of α chains of all 10 

erythrocytic and non-erythrocytic isoforms of spectrin (SpI and SpII), including Cys 2072 and 11 

2101, which are targeted by ubiqitination after cysteine oxidation (Kakhniashvili et al. 2001). 12 

Preliminary analysis carried out by us comparing α and β-SpI sequences of different 13 

vertebrates revealed a few highly conserved cysteines in both chains, including Cys 167, 14 

965, 1394, 1404, 2072, 2299, 2388 in the α-chain and 603, 618, 860, 2012 in the β-chain (for 15 

an example see Figure 1G; full alignments of erythrocytic α- or β-spectrin sequences are 16 

available at http://dx.doi.org/10.25838/d5p-13). Shear stress induces exposure of Cys 1877 17 

and 595, respectively, of mouse α and β-SpI, which are conserved in the human sequences 18 

(Krieger et al. 2011). 19 

Potential influences of redox modifications on the spectrin structure and mechanical 20 

properties were not extensively studied so far at the atomistic level, and many open questions 21 

remain. For another large, elastic structural protein, titin, AFM experiments showed a 22 

softening effect of cysteine S-glutathionylation upon extension (Herrero-Galán et al. 2019). 23 

The specific details of the effect, however, may be different in spectrin: Although cysteine 24 
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modifications likely prevented the refolding of the reversibly unfolded domains of titin upon 1 

relaxation, unfolding of SR does not seem to be the main driver of spectrin’s flexibility. 2 

Targeting spectrin cysteine redox switches with NO – S-nitrosation 3 

There is also some evidence that hemoglobin, cytoskeletal, and membrane proteins 4 

of RBCs may be targeted by S-nitrosation reactions (Grau et al. 2013; Diederich et al. 2018). 5 

The presence and physiological significance of a cysteine redox switch in hemoglobin (Cys63 6 

of the β-chain) was studied by Stemler et al. and is still very lively discussed in the literature 7 

(Hess et al. 2005; Sun et al. 2019; Premont et al. 2020).  8 

To answer the question whether human spectrin thiols can be targeted by nitrosation 9 

reactions in RBCs, purified spectrin or RBC ghosts were treated with high, non-physiological 10 

concentrations of the nitrosothiol S-nitroso cysteine (CysNO). Nitrosation was analyzed by (I) 11 

reduction of S-nitrosospectrin by using acetic triiodide solution and detection of released NO 12 

by chemiluminescence, applying a method established for albumin (Marley et al. 2000), and 13 

(II) biotin switch assay, followed by Western blotting. As a positive control, human serum 14 

albumin was analyzed in parallel. Treatment with CysNO resulted in nitrosation of both 15 

purified spectrin and spectrin within the intact cytoskeleton of RBC ghosts (Diederich et al. 16 

2018).  17 

Clearly these experiments indicate that nitrosation may occur on spectrin. Note, 18 

however, that physiological formation of nitrosospecies in RBCs, such as nitrosothiols, and 19 

their physiological significance are still highly debated (Rassaf et al. 2003; Hess et al. 2005; 20 

Sun et al. 2019; Premont et al. 2020). Localization and effects of nitrosation of spectrin and 21 

other cytoskeletal proteins on RBC structural and functional properties under physiological 22 

conditions need to be further studied. 23 

Targeting spectrin cysteine redox switches with glutathione – S-glutathionylation 24 



 18 

A highly interesting thiol modification that was proposed to occur on spectrin and other 1 

cytoskeletal proteins is glutathionylation (Rossi et al. 2006; Giustarini et al. 2019). 2 

Glutathionylation is a reversible posttranslational redox modification occurring at a low-pKa 3 

cysteine by spontaneous or enzymatically catalyzed addition of a glutathione (GSH) molecule 4 

from glutathione disulfide (GSSG) (Ghezzi 2013; Zhang et al. 2018; Checconi et al. 2019). 5 

Depending on the protein target, S-glutathionylation can evoke a variety of effects by 6 

controlling activity, function, and structure of proteins (Townsend 2007; Cooper et al. 2011; 7 

Groitl and Jakob 2014) 8 

GSH is the most abundant intraerythrocytic thiol and is present at millimolar 9 

concentrations, and strongly contributes to maintain cellular redox homeostasis by 10 

participating in enzymatic reactions as a cofactor (Figure 2). Enzymes using GSH as reducing 11 

equivalent are glutaredoxin (GRx) and glutathione peroxidase (GPx). The enzyme 12 

responsible for GSH recycling is glutathione reductase, which reduces GSSG to GSH via 13 

consumption of NADPH (Figure 2). The enzyme catalyzing glutathionylation is glutathione S-14 

transferase, which is highly abundant in RBCs (Krohne-Erich et al. 1977). GRx are small 15 

cytoplasmic enzymes also catalyzing deglutathionylation, reduction of protein disulfides, or 16 

Fe-S linkage formation (Mieyal et al. 1991; Hanschmann et al. 2013). 17 

Glutathionylation of cytoskeletal proteins and, in particular, of spectrin in RBCs was 18 

shown to occur as a result of treatment with diamide (Rossi et al. 2006) or by treating RBCs 19 

with oxidants such as tBuOOH (Giustarini et al. 2019). As discussed above, these treatments 20 

lead to an increase in GSSG and a decrease in GSH/GSSG ratio, which promote oxidative 21 

modification of protein thiols and also glutathionylation. Glutathionylation of cytoskeletal 22 

proteins were related to changes in osmotic fragility and in cell morphology (Rossi et al. 2006; 23 

Giustarini et al. 2019). However, the impact of glutathionylation on structure/function 24 

relationships is unknown.  25 
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Physiological sources of reactive species and their role in 1 

control of RBC deformability and blood rheology 2 

 The chemistry and biochemistry of reactive species in RBCs is very complex (Figure 3 

2) (Kuhn et al. 2016). There is accumulating evidence that a complex network of reactive 4 

species are enzymatically produced and metabolized in RBCs, which include superoxide 5 

anion radicals (O2
•-) and H2O2, NO and derived nitrosating species (like N2O3), and sulfide, 6 

persulfide and thiosulfate (Kuhn et al. 2016). These reactive species may contribute to 7 

intracellular signaling and regulation of RBC physiology also via modification of cysteine 8 

redox switches.  9 

In this section we summarize the physiological sources of reactive species and discuss the 10 

evidence of their control of RBC deformability and rheology. 11 

 12 

Figure 2 - Superoxide production and breakdown in erythrocytes. Hemoglobin undergoes an auto-13 

oxidation reaction leading to the formation of methemoglobin (Hb-Fe3+). If methemoglobin is not converted back 14 

into Hb-Fe2+, it is degraded leading to the formation of superoxide anion radical (O2
 ). O2

 is dismutated into 15 
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hydrogen peroxide by superoxide dismutase (SOD). Formation of O2
  and H2O2 and derived products may 1 

cause oxidative damage. Hydrogen peroxide can be reduced to water by catalase (Cat), peroxiredoxin 2 (Prx 2 

2)  thioredoxin (Trx(SH)2)  or glutathione peroxidase (GPx). To carry out the reaction, Trx(SH)2 is oxidized into 3 

TRxS2, while GPx will oxidize reduced glutathione (GSH) into glutathione disulfide (GSSG). To reduce GSSG 4 

and TrxS2 the enzymes glutathionreductase (GSR) and thioredoxinreductase (TrxR) need NADPH as a 5 

hydrogen donator, which is delivered by the pentose phosphate pathway. 6 

Physiological sources of reactive species in RBCs 7 

Mature RBCs lack mitochondria. The major source of reactive species in RBCs is 8 

degradation of Fe3+ hemoglobin (Alayash et al. 2001). During heme degradation reactive 9 

oxygen species (ROS), including superoxide anion radicals (O2
•-), OH•-, H2O2 and other 10 

reactive species derived by reaction of these species with other molecules, are rapidly formed 11 

in the RBCs. Other - less abundant - enzymatic sources of ROS in RBCs are also xanthine 12 

oxidoreductase and NADPH oxidase (Webb et al. 2008; George et al. 2013). Therefore, 13 

RBCs are very well equipped with a battery of antioxidant systems comprising SOD, catalase, 14 

GPx, and the GSH recycling system, as well as thioredoxin and glutaredoxin and ascorbic 15 

acid (Figure 2). The main source of redox equivalents for recycling of NADPH needed to feed 16 

the antioxidant system are provided by the pentose phosphate pathway from glucose. The 17 

latter is the only source of both redox equivalents and energy (in the form of ATP) in RBCs, 18 

which are also needed to maintain the transmembrane ion equilibria and membrane integrity. 19 

Under normoxic conditions RBCs are known to be powerful scavengers of endothelial 20 

NO via reaction with oxyhemoglobin, but also to transport stable NO metabolites (including 21 

nitrite, nitrate, nitrosospecies, and nitrosyl-hemoglobin). Under hypoxic conditions RBCs 22 

were shown to produce NO and/or reactive nitrogen species (RNS), including N2O3 and other 23 

nitrosating species, from nitrite and to release NO bioactivity leading to hypoxic vasodilation 24 

(Pawloski et al. 2001; Cosby et al. 2003). In addition, we demonstrated that RBCs carry a 25 
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catalytically active endothelial NO synthase (eNOS) and produce NO / nitrosating species 1 

under normoxic conditions (Cortese-Krott et al. 2012a; Cortese-Krott et al. 2012b). Chimera 2 

mice lacking eNOS in the blood have decreased circulating nitrite and nitrate levels and 3 

increased blood pressure, indicating that blood cell eNOS activity may contribute to the 4 

regulation of circulating levels of NO metabolites in vivo (Wood et al. 2013).  5 

Interestingly, RBC were shown to metabolize and produce sulfide and reactive sulfur 6 

species (Vitvitsky et al. 2015; Bianco et al. 2016). Recently, we also found that the chemical 7 

interaction between NO or nitrosothiols with sulfide leads to formation of S/N hybrid species, 8 

including nitrosopersulfide (SSNO-) and SULFI/NO ([ONN(OH)SO3]−). These species were 9 

shown to carry bioactivity of both sulfide and NO by their ability to modulate blood pressure 10 

and heart contractility (Cortese-Krott et al. 2015). In a following study, SSNO- was shown to 11 

participate in redox regulation by activation of Nuclear factor erythroid 2-related factor 2 12 

(Nrf2)-mediated gene expression, likely via post-translational modifications of cysteine redox 13 

switches in Kelch-like ECH-associated protein 1 (Keap-1) (Cortese-Krott et al. 2016).  14 

All these reactive species and their thiol targets, which were defined recently as 15 

reactive species interactome (Cortese-Krott et al. 2017), may modulate the cellular redox 16 

state and control cysteine redox switches in RBCs and, thereby, contribute to modulate 17 

structural and functional properties of proteins (Cortese-Krott et al. 2017). A schematic 18 

representation of the RSI and the possible cysteine redox switches modifications is depicted 19 

in Figure 3. 20 
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 1 

Figure 3 – Possible chemical modifications of cysteine redox switches and the reactive species 2 

interactome. Reactive oxygen species (ROS), reactive sulfur species (RSS), and reactive nitrogen species 3 

(RNS) can react with free thiol groups leading to a number of post-translational modifications. The interaction 4 

of reactive species with their thiol target was defined as reactive species interactome (RSI). Post translational 5 

modifications include nitration (–SNO2), S-nitrosation (–SNO), formation of sulfinic (–SO2H) and sulfonic acids 6 

(–SO3H) or disulfide (–SS–), or formation of mixed disulfide (–SSR’) and persulfide (–SS–). 7 

Modulation of RBC deformability and blood viscosity by NO and oxidants 8 

It is well established that oxidants (such as peroxides), cell permeable thiol reactive 9 

molecules (such as NEM or diamide) or reducing agents (such as phenylhydrazin) that induce 10 

degradation of hemoglobin strongly affect RBC deformability and integrity by affecting the 11 

RBC cytoskeletal proteins and inducing formation of hemoglobin aggregates, defined as 12 

Heinz bodies (Fischer et al. 1978; Smith and Palek 1983; Becker et al. 1986; Arduini et al. 13 

1989). Several studies also indicate that intracellularly produced NO and derived reactive 14 

species in RBCs may affect RBC deformability (Bor-Kucukatay et al. 2003; Grau et al. 2013; 15 

Belanger et al. 2015) and RBC velocity (Horn et al. 2011). It was found that a specific range 16 

of concentrations of NO donors increase RBC deformability and that treatment with a nitric 17 

oxide synthase inhibitor decrease RBC deformability (Bor-Kucukatay et al. 2003). One work 18 

S

S

N2O2,  [NO+]

NO• + O2
•−, ONOO−

•OH, H2O2

R‘SH

HS•−, HSx
•−

RNS

ROS

RSS

S-NO

SH

=O

S-NO

SH

SS•−

SH−

S-OH

SH

S-SR‘

S-H

S-OH

SH

=

O

S-OH

SH

=

O

=

O
SH

SH

RSI



 23 

proposed that nitrosation of spectrin may play a role in the effects of NO on promoting RBC 1 

deformability (Grau et al. 2013). However, the effects of extracellular NO on RBC 2 

deformability are not without controversy, as they were not confirmed by other laboratories 3 

including ours (Barodka et al. 2014; Belanger et al. 2015; Cortese-Krott et al. 2018). 4 

Recently, Diederich et al. studied the effects of oxidative modifications of the spectrin 5 

cytoskeleton on RBC rheology were assessed by using ectacytometry in a laser rotational 6 

cell and a low-shear rotational viscometer (Diederich et al. 2018). Oxidation of spectrin with 7 

tert-buthylhydroperoxide (t-BuOOH) was shown to affect structure and electrophoretic 8 

properties of spectrin (Sullivan and Stern 1984). We found that t-BuOOH induces a 9 

concentration-dependent decreased RBC deformability and increased blood viscosity 10 

(Diederich et al. 2018). Although erythrocyte deformability and blood viscosity were not 11 

affected by treatment with increasing concentrations of CysNO, pretreatment with CysNO 12 

protected RBCs from tBuOOH-induced decrease of deformability, indicating that CysNO may 13 

protect cytoskeletal proteins from oxidation. Since treatments were not added at the same 14 

time, this indicates that the antioxidant effects of CysNO were not due to direct reactions with 15 

t-BuOOH, but rather may be dependent on protection of defined cysteine redox switches 16 

(Diederich et al. 2018). The targeted proteins and cysteine redox switches, which may be 17 

responsible for these effects, were not identified yet. 18 

Pathophysiological and clinical implication of spectrin 19 

modifications 20 

Hereditary hemolytic anemia and hereditary elliptocytosis are conditions characterized 21 

by increased membrane fragility, increased susceptibility to mechanical or oxidative stress, 22 

loss of RBC integrity, and intravascular hemolysis. These are generally linked to 23 

hemoglobinopathies (which increase the rate of oxidation/degradation of hemoglobin), 24 
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congenic defects of antioxidant enzymes or enzymes responsible for production/recycling of 1 

redox equivalents (such as GPDH), as well as linked to cytoskeletal defects. In particular, 2 

hereditary elliptocytosis is characterized by defects in the spectrin-actin-4.1R complex, which 3 

may be due to mutations in the genes coding for α or β spectrin or protein 4.1.  4 

The mutations in spectrin are typically located in ‘mutational hotspots’ such as the 5 

tetramerization sites of α spectrin subunits, in the first six SR of α spectrin, and the C-6 

terminally truncated  subunit (CpG islands) (Eber and Lux 2004; Gallagher 2004). In 7 

diabetes mellitus, glycation and oxidation of spectrin and other cytoskeletal proteins were 8 

observed and correlated to defects in RBC deformability, microcirculatory function and tissue 9 

perfusion (Schwartz et al. 1991). Other oxidative modifications of spectrin were also observed 10 

in infectious diseases, such as visceral Leishmaniasis (Samanta et al. 2011).  11 

Malaria is an infectious disease caused by the apicomplexan parasite Plasmodium. 12 

During malaria infection, the immune system of the human host counteracts the parasite’s 13 

invasion into the RBC with high levels of oxidative stress. The parasite, on the other hand, 14 

has developed an excellent oxidative defense system, which is crucial to deal with oxidative 15 

disbalance throughout its life cycle. Glutathione metabolism, as well as targets for 16 

S-glutathionylation, in Plasmodium falciparum were already thoroughly investigated (Becker 17 

et al. 2003; Becker et al. 2004; Kehr et al. 2011). Many currently used antimalarials disrupt 18 

the parasite’s redox regulation during the intraerythrocytic stage by an increase of oxidative 19 

stress.  20 

This knowledge is also the basis of many current research projects wishing to identify 21 

novel potential drug targets (Becker et al. 2004; Rahbari et al. 2017). An infection with 22 

Plasmodium inevitably leads to damage of the erythrocyte plasma membrane, decreased 23 

deformability, and hemolysis mainly due to lipid peroxides in both infected and uninfected 24 

RBCs (Becker et al. 2004; Müller 2015; Mourão et al. 2018). Hemoglobinopathies causing 25 
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decreased erythrocyte deformability are known to have advantageous, but not yet completely 1 

understood, effects on the outcome of malarial infections (Williams 2006; Taylor et al. 2012; 2 

Huisjes et al. 2018).  3 

Taking all these facts into account, one may hypothesize that thiol switches such as 4 

S-glutathionylation of erythrocyte membrane skeletal proteins caused by redox imbalances 5 

may be ‘naturally occurring protective mechanism[s]’ against malaria, putatively contributing 6 

to decreased deformability of RBCs and eryptosis (Gupta et al. 1982; Cyrklaff et al. 2016; 7 

Pantaleo et al. 2017).  8 
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Summary and perspective 1 

The mechanical properties of RBCs are fundamental for their cellular physiology and 2 

their function as oxygen transporters. Flexibility and deformability of RBCs allow those cells 3 

to survive rapid hemodynamic changes within the vascular tree, to dynamically contribute to 4 

the flow thereby decreasing vascular resistance, and to properly deform during the passage 5 

through narrower vessels.  6 

The RBC mechanoproperties are conferred mainly by the structural characteristics of 7 

their cytoskeleton, which mainly consists of a spectrin scaffold connected to nodes of actin 8 

and being linked to the plasma membrane via ankyrin and adducin.  9 

There is compelling evidence that changes in redox state and treatment with thiol-10 

targeting molecules decrease the deformability of RBC and affect the structure and stability 11 

of the spectrin cytoskeleton, indicating that there might be potential cysteine redox switches. 12 

Surprisingly, there is only a very limited number of studies focusing on the molecular 13 

localization of redox switches in the RBC cytoskeleton, or on the structural/functional 14 

relationship of redox switches in spectrin and RBC mechanoproperties, blood viscosity, and 15 

tissue perfusion. Our working hypothesis is that cysteine redox switches on the spectrin 16 

cytoskeleton may be targeted by redox signaling in RBC and thereby modulate RBC 17 

mechanical properties; thus, redox regulation of spectrin/cytoskeletal redox switches may 18 

contribute to the modulation of blood viscosity, blood flow, and tissue perfusion in health and 19 

disease. These studies may provide novel functional targets to modulate RBC function, blood 20 

flow and viscosity, and tissue perfusion with potentially important clinical implications. 21 

  22 



 27 

Acknowledgements 1 

The authors are grateful to Dr. Beate Hutzler and Dr. Lenka Tomasova for their help 2 

with experiments related to this subject. We thank Dr. Markus Dick for generation of the 3 

atomistic-level spectrin model and Birte Schmitz for help with analyses. This work was 4 

supported by the German Research Foundation (DFG) within SPP1710 ‘Dynamics of Thiol-5 

based Redox Switches in Cellular Physiology’ (grant numbers CO 1305/3-1 and GO 1367/3-6 

1). H.G. is grateful to the Jülich Supercomputing Centre at the Forschungszentrum Jülich for 7 

computing time on the supercomputer JURECA and JUWELS (NIC project IDs: CHDD19, 8 

HKF7) and to the ‘Zentrum für Informations- und Medientechnologie’ (ZIM) at the Heinrich 9 

Heine University Düsseldorf for providing computational support. 10 

  11 



 28 

References 1 

Alayash, A. I., Patel, R. P., and Cashon, R. E. (2001) Redox reactions of hemoglobin and myoglobin: 2 
biological and toxicological implications. Antioxid. Redox. Sign. 3, 313-327 3 

Amin, M. S., Park, Y., Lue, N., Dasari, R. R., Badizadegan, K., Feld, M. S., and Popescu, G. (2007) 4 
Microrheology of red blood cell membranes using dynamic scattering microscopy. Opt. 5 
Express 15, 17001-17009 6 

An, X., Debnath, G., Guo, X., Liu, S., Lux, S. E., Baines, A., Gratzer, W., and Mohandas, N. (2005) 7 
Identification and functional characterization of protein 4.1R and actin-binding sites in 8 
erythrocyte beta spectrin: regulation of the interactions by phosphatidylinositol-4,5-9 
bisphosphate. Biochemistry 44, 10681-10688 10 

An, X., Guo, X., Zhang, X., Baines, A. J., Debnath, G., Moyo, D., Salomao, M., Bhasin, N., Johnson, 11 
C., and Discher, D. (2006) Conformational stabilities of the structural repeats of erythroid 12 
spectrin and their functional implications. J. Biol. Chem. 281, 10527-10532 13 

Anong, W. A., Franco, T., Chu, H., Weis, T. L., Devlin, E. E., Bodine, D. M., An, X., Mohandas, N., 14 
and Low, P. S. (2009) Adducin forms a bridge between the erythrocyte membrane and its 15 
cytoskeleton and regulates membrane cohesion. Blood 114, 1904-1912 16 

Arduini, A., Storto, S., Belfiglio, M., Sourti, R., Mancinelli, G., and Federici, G. (1989) Mechanism of 17 
spectrin degradation induced by phenylhydrazine in intact human erythrocytes. Biochim. 18 
Biophys. Acta. Biomembr. 979, 1-6 19 

Autore, F., Pfuhl, M., Quan, X., Williams, A., Roberts, R. G., Shanahan, C. M., and Fraternali, F. 20 
(2013) Large-scale modelling of the divergent spectrin repeats in nesprins: giant modular 21 
proteins. PLoS One 8, e63633 22 

Avery, A. W., Fealey, M. E., Wang, F., Orlova, A., Thompson, A. R., Thomas, D. D., Hays, T. S., and 23 
Egelman, E. H. (2017) Structural basis for high-affinity actin binding revealed by a β-III-24 
spectrin SCA5 missense mutation. Nat. Commun. 8, 1350 25 

Barodka, V., Mohanty, J. G., Mustafa, A. K., Santhanam, L., Nyhan, A., Bhunia, A. K., Sikka, G., 26 
Nyhan, D., Berkowitz, D. E., and Rifkind, J. M. (2014) Nitroprusside inhibits calcium-induced 27 
impairment of red blood cell deformability. Transfusion 54, 434-444 28 

Becker, K., Rahlfs, S., Nickel, C., and Schirmer, R. H. (2003) Glutathione – Functions and Metabolism 29 
in the Malarial Parasite Plasmodium falciparum. Biol. Chem. 384, 551-566 30 

Becker, K., Tilley, L., Vennerstrom, J. L., Roberts, D., Rogerson, S., and Ginsburg, H. (2004) 31 
Oxidative stress in malaria parasite-infected erythrocytes: host–parasite interactions. Int. J. 32 
Parasitol. 34, 163-189 33 

Becker, P. S., Cohen, C. M., and Lux, S. E. (1986) The effect of mild diamide oxidation on the structure 34 
and function of human erythrocyte spectrin. J. Biol. Chem. 261, 4620-4628 35 

Belanger, A. M., Keggi, C., Kanias, T., Gladwin, M. T., and Kim-Shapiro, D. B. (2015) Effects of nitric 36 
oxide and its congeners on sickle red blood cell deformability. Transfusion 55, 2464-2472 37 

Bennett, V. (1992) Ankyrins. Adaptors between diverse plasma membrane proteins and the 38 
cytoplasm. J. Biol. Chem. 267, 8703-8706 39 



 29 

Bianco, C. L., Chavez, T. A., Sosa, V., Saund, S. S., Nguyen, Q. N. N., Tantillo, D. J., Ichimura, A. 1 
S., Toscano, J. P., and Fukuto, J. M. (2016) The chemical biology of the persulfide 2 
(RSSH)/perthiyl (RSSꞏ) redox couple and possible role in biological redox signaling. Free 3 
Radic. Biol. Med. 101, 20-31 4 

Bor-Kucukatay, M., Wenby, R. B., Meiselman, H. J., and Baskurt, O. K. (2003) Effects of nitric oxide 5 
on red blood cell deformability. Am. J. Physiol. Heart Circ. Physiol. 284, H1577-H1584 6 

Brown, J. W., Bullitt, E., Sriswasdi, S., Harper, S., Speicher, D. W., and McKnight, C. J. (2015) The 7 
Physiological Molecular Shape of Spectrin: A Compact Supercoil Resembling a Chinese 8 
Finger Trap. PLoS Comput. Biol. 11, e1004302 9 

Checconi, P., Limongi, D., Baldelli, S., Ciriolo, M. R., Nencioni, L., and Palamara, A. T. (2019) Role 10 
of glutathionylation in infection and inflammation. Nutrients 11, 1952 11 

Chien, W., Zhang, Z., Gompper, G., and Fedosov, D. A. (2019) Deformation and dynamics of 12 
erythrocytes govern their traversal through microfluidic devices with a deterministic lateral 13 
displacement architecture. Biomicrofluidics 13, 044106-044106 14 

Choi, H.-J., and Weis, W. I. (2011) Crystal structure of a rigid four-spectrin-repeat fragment of the 15 
human desmoplakin plakin domain. J. Mol. Biol. 409, 800-812 16 

Chou, S. Z., and Pollard, T. D. (2019) Mechanism of actin polymerization revealed by cryo-EM 17 
structures of actin filaments with three different bound nucleotides. Proc. Natl. Acad. Sci. U. 18 
S. A. 116, 4265-4274 19 

Cooper, A. J. L., Pinto, J. T., and Callery, P. S. (2011) Reversible and irreversible protein 20 
glutathionylation: biological and clinical aspects. Expert Opin. Drug Metab. Toxicol. 7, 891-21 
910 22 

Cortese-Krott, M. M., Evathia, M., Kamer, C. M., Lückstädt, W., Yang, J., Wolff, G., Panknin, C., 23 
Bracht, T., Sitek, B., Pernow, J., Stasch, J.-P., Feelisch, M., Koesling, D., and Kelm, M. (2018) 24 
Identification of a soluble guanylate cyclase in red blood cells: preserved activity in patients 25 
with coronary artery disease. Redox Biol. 14, 328-337 26 

Cortese-Krott, M. M., Koning, A., Kuhnle, G. G. C., Nagy, P., Bianco, C. L., Pasch, A., Wink, D. A., 27 
Fukuto, J. M., Jackson, A. A., van Goor, H., Olson, K. R., and Feelisch, M. (2017) The Reactive 28 
Species Interactome: Evolutionary Emergence, Biological Significance, and Opportunities for 29 
Redox Metabolomics and Personalized Medicine. Antioxid. Redox. Sign. 27, 684-712 30 

Cortese-Krott, M. M., Kuhnle, G. G. C., Dyson, A., Fernandez, B. O., Grman, M., DuMond, J. F., 31 
Barrow, M. P., McLeod, G., Nakagawa, H., Ondrias, K., Nagy, P., King, S. B., Saavedra, J. E., 32 
Keefer, L. K., Singer, M., Kelm, M., Butler, A. R., and Feelisch, M. (2015) Key bioactive 33 
reaction products of the NO/H2S interaction are S/N-hybrid species, polysulfides, and nitroxyl. 34 
Proc. Natl. Acad. Sci. U. S. A. 112, E4651-E4660 35 

Cortese-Krott, M. M., Pullmann, D., and Feelisch, M. (2016) Nitrosopersulfide (SSNO-) targets the 36 
Keap-1/Nrf2 redox system. Pharmacol. Res. 113, 490-499 37 

Cortese-Krott, M. M., Rodriguez-Mateos, A., Kuhnle, G. G., Brown, G., Feelisch, M., and Kelm, M. 38 
(2012a) A multilevel analytical approach for detection and visualization of intracellular NO 39 
production and nitrosation events using diaminofluoresceins. Free Radic. Biol. Med. 53, 2146-40 
2158 41 

Cortese-Krott, M. M., Rodriguez-Mateos, A., Sansone, R., Kuhnle, G. G. C., Thasian-Sivarajah, S., 42 



 30 

Krenz, T., Horn, P., Krisp, C., Wolters, D., Heiß, C., Kröncke, K.-D., Hogg, N., Feelisch, M., 1 
and Kelm, M. (2012b) Human red blood cells at work: identification and visualization of 2 
erythrocytic eNOS activity in health and disease. Blood 120, 4229-4237 3 

Cosby, K., Partovi, K. S., Crawford, J. H., Patel, R. P., Reiter, C. D., Martyr, S., Yang, B. K., Waclawiw, 4 
M. A., Zalos, G., Xu, X., Huang, K. T., Shields, H., Kim-Shapiro, D. B., Schechter, A. N., 5 
Cannon Iii, R. O., and Gladwin, M. T. (2003) Nitrite reduction to nitric oxide by 6 
deoxyhemoglobin vasodilates the human circulation. Nat. Med. 9, 1498-1505 7 

Cyrklaff, M., Srismith, S., Nyboer, B., Burda, K., Hoffmann, A., Lasitschka, F., Adjalley, S., Bisseye, 8 
C., Simpore, J., Mueller, A.-K., Sanchez, C. P., Frischknecht, F., and Lanzer, M. (2016) 9 
Oxidative insult can induce malaria-protective trait of sickle and fetal erythrocytes. Nat. 10 
Commun. 7, 13401 11 

Davis, L., Abdi, K., Machius, M., Brautigam, C., Tomchick, D. R., Bennett, V., and Michaely, P. (2009) 12 
Localization and structure of the ankyrin-binding site on β2-spectrin. J. Biol. Chem. 284, 6982-13 
6987 14 

Debs, G. E., Cha, M., Liu, X., Huehn, A. R., and Sindelar, C. V. (2020) Dynamic and asymmetric 15 
fluctuations in the microtubule wall captured by high-resolution cryoelectron microscopy. Proc. 16 
Natl. Acad. Sci. U. S. A. 117, 16976-16984 17 

DeSilva, T. M., Peng, K. C., Speicher, K. D., and Speicher, D. W. (1992) Analysis of human red cell 18 
spectrin tetramer (head-to-head) assembly using complementary univalent peptides. 19 
Biochemistry 31, 10872-10878 20 

Diederich, L., Suvorava, T., Sansone, R., Keller, T. C. S. t., Barbarino, F., Sutton, T. R., Kramer, C. 21 
M., Lückstädt, W., Isakson, B. E., Gohlke, H., Feelisch, M., Kelm, M., and Cortese-Krott, M. 22 
M. (2018) On the Effects of Reactive Oxygen Species and Nitric Oxide on Red Blood Cell 23 
Deformability. Front. Physiol. 9, 332-332 24 

Eber, S., and Lux, S. E. (2004) Hereditary spherocytosis—defects in proteins that connect the 25 
membrane skeleton to the lipid bilayer. Semin. Hematol. 41, 118-141 26 

Ecken, J. v. d., Heissler, S. M., Pathan-Chhatbar, S., Manstein, D. J., and Raunser, S. (2016) Cryo-27 
EM structure of a human cytoplasmic actomyosin complex at near-atomic resolution. Nature 28 
534, 724-728 29 

Español, P., and Revenga, M. (2003) Smoothed dissipative particle dynamics. Phys. Rev. E 67, 30 
026705 31 

Fedosov, D. A., Caswell, B., and Karniadakis, G. E. (2010a) A multiscale red blood cell model with 32 
accurate mechanics, rheology, and dynamics. Biophys. J. 98, 2215-2225 33 

Fedosov, D. A., Caswell, B., and Karniadakis, G. E. (2010b) Systematic coarse-graining of spectrin-34 
level red blood cell models. Comput. Methods. Appl. Mech. Eng. 199 35 

Fischer, T., Haest, C., Stöhr, M., Kamp, D., and Deuticke, B. (1978) Selective alteration of erythrocyte 36 
deformability by SH-reagents. Evidence for an involvement of spectrin in membrane shear 37 
elasticity. Biochim. Biophys. Acta. Biomembr. 510, 270-282 38 

Franco, T., Chu, H., and Low, P. S. (2016) Identification of adducin-binding residues on the 39 
cytoplasmic domain of erythrocyte membrane protein, band 3. Biochem. J 473, 3147-3158 40 

Gallagher, P. G. (2004) Hereditary elliptocytosis: spectrin and protein 4.1 R. Semin. Hematol. 41, 41 



 31 

142-164 1 

George, A., Pushkaran, S., Konstantinidis, D. G., Koochaki, S., Malik, P., Mohandas, N., Zheng, Y., 2 
Joiner, C. H., and Kalfa, T. A. (2013) Erythrocyte NADPH oxidase activity modulated by Rac 3 
GTPases, PKC, and plasma cytokines contributes to oxidative stress in sickle cell disease. 4 
Blood 121, 2099-2107 5 

Ghezzi, P. (2013) Protein glutathionylation in health and disease. Biochim. Biophys. Acta Gen. Subj. 6 
1830, 3165-3172 7 

Giustarini, D., Dalle-Donne, I., Milzani, A., Braconi, D., Santucci, A., and Rossi, R. (2019) Membrane 8 
Skeletal Protein S-Glutathionylation in Human Red Blood Cells as Index of Oxidative Stress. 9 
Chem. Res. Toxicol. 32, 1096-1102 10 

Go, Y. M., Chandler, J. D., and Jones, D. P. (2015) The cysteine proteome. Free Radic. Biol. Med. 11 
84, 227-245 12 

Goodman, S. R., Daescu, O., Kakhniashvili, D. G., and Zivanic, M. (2013) The proteomics and 13 
interactomics of human erythrocytes. Exp. Biol. Med. (Maywood) 238, 509-518 14 

Goodman, S. R., Johnson, D., Youngentob, S. L., and Kakhniashvili, D. (2019) The Spectrinome: The 15 
Interactome of a Scaffold Protein Creating Nuclear and Cytoplasmic Connectivity and 16 
Function. Exp. Biol. Med. (Maywood) 244, 1273-1302 17 

Grau, M., Pauly, S., Ali, J., Walpurgis, K., Thevis, M., Bloch, W., and Suhr, F. (2013) RBC-NOS-18 
dependent S-nitrosylation of cytoskeletal proteins improves RBC deformability. PLoS One 8, 19 
e56759 20 

Groitl, B., and Jakob, U. (2014) Thiol-based redox switches. Biochim. Biophys. Acta Proteins. 21 
Proteom. 1844, 1335-1343 22 

Grum, V. L., Li, D., MacDonald, R. I., and Mondragón, A. (1999) Structures of Two Repeats of Spectrin 23 
Suggest Models of Flexibility. Cell 98, 523-535 24 

Gupta, C. M., Alam, A., Mathur, P. N., and Dutta, G. P. (1982) A new look at nonparasitized red cells 25 
of malaria-infected monkeys. Nature 299, 259-261 26 

Hall, J. E. (2015) Guyton and Hall textbook of medical physiology, Elsevier Health Sciences 27 

Hanschmann, E.-M., Godoy, J. R., Berndt, C., Hudemann, C., and Lillig, C. H. (2013) Thioredoxins, 28 
glutaredoxins, and peroxiredoxins--molecular mechanisms and health significance: from 29 
cofactors to antioxidants to redox signaling. Antioxid. Redox. Sign. 19, 1539-1605 30 

Herrero-Galán, E., Martínez-Martín, I., and Alegre-Cebollada, J. (2019) Redox regulation of protein 31 
nanomechanics in health and disease: Lessons from titin. Redox Biol. 21, 101074 32 

Hess, D. T., Matsumoto, A., Kim, S.-O., Marshall, H. E., and Stamler, J. S. (2005) Protein S-33 
nitrosylation: purview and parameters. Nat. Rev. Mol. Cell Biol. 6, 150-166 34 

Horn, P., Cortese-Krott, M. M., Keymel, S., Kumara, I., Burghoff, S., Schrader, J., Kelm, M., and 35 
Kleinbongard, P. (2011) Nitric oxide influences red blood cell velocity independently of 36 
changes in the vascular tone. Free Radic. Res. 45, 653-661 37 

Huisjes, R., Bogdanova, A., van Solinge, W. W., Schiffelers, R. M., Kaestner, L., and van Wijk, R. 38 
(2018) Squeezing for Life – Properties of Red Blood Cell Deformability. Front. Physiol. 9:656 39 



 32 

Ipsaro, J. J., Harper, S. L., Messick, T. E., Marmorstein, R., Mondragon, A., and Speicher, D. W. 1 
(2010) Crystal structure and functional interpretation of the erythrocyte spectrin 2 
tetramerization domain complex. Blood 115, 4843-4852 3 

Ipsaro, J. J., and Mondragón, A. (2010) Structural basis for spectrin recognition by ankyrin. Blood 4 
115, 4093-4101 5 

Kakhniashvili, D. G., Chaudhary, T., Zimmer, W. E., Bencsath, F. A., Jardine, I., and Goodman, S. R. 6 
(2001) Erythrocyte Spectrin Is an E2 Ubiquitin Conjugating Enzyme. Biochemistry 40, 11630-7 
11642 8 

Karinch, A. M., Zimmer, W. E., and Goodman, S. R. (1990) The identification and sequence of the 9 
actin-binding domain of human red blood cell beta-spectrin. J. Biol. Chem. 265, 11833-11840 10 

Kehr, S., Jortzik, E., Delahunty, C., 3rd, J. R. Y., Rahlfs, S., and Becker, K. (2011) Protein S-11 
Glutathionylation in Malaria Parasites. Antioxid. Redox. Sign. 15, 2855-2865 12 

Kemp, G., Nilsson, O. B., Tian, P., Best, R. B., and von Heijne, G. (2020) Cotranslational folding 13 
cooperativity of contiguous domains of α-spectrin. Proc. Natl. Acad. Sci. U. S. A. 117, 14119-14 
14126 15 

Korsgren, C., and Lux, S. E. (2010) The carboxyterminal EF domain of erythroid α-spectrin is 16 
necessary for optimal spectrin-actin binding. Blood 116, 2600-2607 17 

Krieger, C. C., An, X., Tang, H.-Y., Mohandas, N., Speicher, D. W., and Discher, D. E. (2011) Cysteine 18 
shotgun-mass spectrometry (CS-MS) reveals dynamic sequence of protein structure changes 19 
within mutant and stressed cells. Proc. Natl. Acad. Sci. U. S. A. 108, 8269-8274 20 

Krohne-Erich, G., Schrimer, R. H., and Untucht-Grau, R. (1977) Glutathione Reductase from Human 21 
Erythrocytes. Eur. J. Biochem. 80, 65-71 22 

Kuhlman, P. A., Hughes, C. A., Bennett, V., and Fowler, V. M. (1996) A new function for adducin. 23 
Calcium/calmodulin-regulated capping of the barbed ends of actin filaments. J. Biol. Chem. 24 
271, 7986-7991 25 

Kuhn, V., Diederich, L., Keller Iv, T. C., Kramer, C. M., Luckstadt, W., Panknin, C., Suvorava, T., 26 
Isakson, B., Kelm, M., and Cortese-Krott, M. M. (2016) Red Blood Cell Function and 27 
Dysfunction: Redox Regulation, Nitric Oxide Metabolism, Anemia. Antioxid. Redox. Sign. 26, 28 
718-742 29 

Law, R., Carl, P., Harper, S., Dalhaimer, P., Speicher, D. W., and Discher, D. E. (2003) Cooperativity 30 
in forced unfolding of tandem spectrin repeats. Biophys. J. 84, 533-544 31 

Li, D., Harper, S., and Speicher, D. W. (2007) Initiation and Propagation of Spectrin Heterodimer 32 
Assembly Involves Distinct Energetic Processes. Biochemistry 46, 10585-10594 33 

Li, D., Tang, H. Y., and Speicher, D. W. (2008) A structural model of the erythrocyte spectrin 34 
heterodimer initiation site determined using homology modeling and chemical cross-linking. J. 35 
Biol. Chem. 283, 1553-1562 36 

Liu, S. C., Derick, L. H., and Palek, J. (1987) Visualization of the hexagonal lattice in the erythrocyte 37 
membrane skeleton. J. Cell Biol. 104, 527-536 38 

Lux, S. E., John, K. M., Kopito, R. R., and Lodish, H. F. (1989) Cloning and characterization of band 39 
3, the human erythrocyte anion-exchange protein (AE1). Proc. Natl. Acad. Sci. U. S. A. 86, 40 



 33 

9089-9093 1 

Lux, S. E. t. (2016) Anatomy of the red cell membrane skeleton: unanswered questions. Blood 127, 2 
187-199 3 

Madeira, F., Park, Y. M., Lee, J., Buso, N., Gur, T., Madhusoodanan, N., Basutkar, P., Tivey, A. R. 4 
N., Potter, S. C., Finn, R. D., and Lopez, R. (2019) The EMBL-EBI search and sequence 5 
analysis tools APIs in 2019. Nucleic Acids Res. 47, W636-W641 6 

Marchesi, V. T., and Steers, E., Jr. (1968) Selective solubilization of a protein component of the red 7 
cell membrane. Science 159, 203-204 8 

Marley, R., Feelisch, M., Holt, S., and Moore, K. (2000) A chemiluminescense-based assay for S-9 
nitrosoalbumin and other plasma S-nitrosothiols. Free Radic. Res. 32, 1-9 10 

Mayer, B. J. (2001) SH3 domains: complexity in moderation. J. Cell Sci. 114, 1253-1263 11 

McGough, A. M., and Josephs, R. (1990) On the structure of erythrocyte spectrin in partially expanded 12 
membrane skeletons. Proc. Natl. Acad. Sci. U. S. A. 87, 5208-5212 13 

Merino, F., Pospich, S., Funk, J., Wagner, T., Küllmer, F., Arndt, H.-D., Bieling, P., and Raunser, S. 14 
(2018) Structural transitions of F-actin upon ATP hydrolysis at near-atomic resolution revealed 15 
by cryo-EM. Nat. Struct. Mol. Biol. 25, 528-537 16 

Mieyal, J. J., Starke, D. W., Gravina, S. A., Dothey, C., and Chung, J. S. (1991) Thioltransferase in 17 
human red blood cells: purification and properties. Biochemistry 30, 6088-6097 18 

Mirijanian, D. T., Chu, J.-W., Ayton, G. S., and Voth, G. A. (2007) Atomistic and Coarse-grained 19 
Analysis of Double Spectrin Repeat Units: The Molecular Origins of Flexibility. J. Mol. Biol. 20 
365, 523-534 21 

Mirijanian, D. T., and Voth, G. A. (2008) Unique elastic properties of the spectrin tetramer as revealed 22 
by multiscale coarse-grained modeling. Proc. Natl. Acad. Sci. U. S. A. 105, 1204-1208 23 

Mohandas, N., and Gallagher, P. G. (2008) Red cell membrane: past, present, and future. Blood 112, 24 
3939-3948 25 

Mourão, L. C., Baptista, R. d. P., de Almeida, Z. B., Grynberg, P., Pucci, M. M., Castro-Gomes, T., 26 
Fontes, C. J. F., Rathore, S., Sharma, Y. D., da Silva-Pereira, R. A., Bemquerer, M. P., and 27 
Braga, É. M. (2018) Anti-band 3 and anti-spectrin antibodies are increased in Plasmodium 28 
vivax infection and are associated with anemia. Sci. Rep. 8, 8762 29 

Müller, K., Fedosov, D. A., and Gompper, G. (2015) Smoothed dissipative particle dynamics with 30 
angular momentum conservation. J. Comput. Phys. 281, 301-315 31 

Müller, S. (2015) Role and regulation of glutathione metabolism in Plasmodium falciparum. Molecules 32 
20, 10511-10534 33 

Mulnaes, D., and Gohlke, H. (2018) TopScore: Using Deep Neural Networks and Large Diverse Data 34 
Sets for Accurate Protein Model Quality Assessment. J. Chem. Theory Comput. 14, 6117-35 
6126 36 

Mulnaes, D., Porta, N., Clemens, R., Apanasenko, I., Reiners, J., Gremer, L., Neudecker, P., Smits, 37 
S. H. J., and Gohlke, H. (2020) TopModel: Template-Based Protein Structure Prediction at 38 
Low Sequence Identity Using Top-Down Consensus and Deep Neural Networks. J. Chem. 39 
Theory Comput. 16, 1953-1967 40 



 34 

Nans, A., Mohandas, N., and Stokes, David L. (2011) Native Ultrastructure of the Red Cell 1 
Cytoskeleton by Cryo-Electron Tomography. Biophys. J. 101, 2341-2350 2 

Nilsson, O. B., Nickson, A. A., Hollins, J. J., Wickles, S., Steward, A., Beckmann, R., von Heijne, G., 3 
and Clarke, J. (2017) Cotranslational folding of spectrin domains via partially structured states. 4 
Nat. Struct. Mol. Biol. 24, 221-225 5 

Noguchi, H., and Gompper, G. (2005) Shape transitions of fluid vesicles and red blood cells in 6 
capillary flows. Proc. Natl. Acad. Sci. U. S. A. 102, 14159-14164 7 

Ohanian, V., Wolfe, L. C., John, K. M., Pinder, J. C., Lux, S. E., and Gratzer, W. B. (1984) Analysis 8 
of the ternary interaction of the red cell membrane skeletal proteins, spectrin, actin, and 4.1. 9 
Biochemistry 23, 4416-4420 10 

Pan, L., Yan, R., Li, W., and Xu, K. (2018) Super-Resolution Microscopy Reveals the Native 11 
Ultrastructure of the Erythrocyte Cytoskeleton. Cell Rep. 22, 1151-1158 12 

Pantaleo, A., Kesely, K. R., Pau, M. C., Tsamesidis, I., Schwarzer, E., Skorokhod, O. A., Chien, H. 13 
D., Ponzi, M., Bertuccini, L., Low, P. S., and Turrini, F. M. (2017) Syk inhibitors interfere with 14 
erythrocyte membrane modification during P falciparum growth and suppress parasite egress. 15 
Blood 130, 1031-1040 16 

Paramore, S., and Voth, G. A. (2006) Examining the Influence of Linkers and Tertiary Structure in the 17 
Forced Unfolding of Multiple-Repeat Spectrin Molecules. Biophys. J. 91, 3436-3445 18 

Park, Y., Best, C. A., Badizadegan, K., Dasari, R. R., Feld, M. S., Kuriabova, T., Henle, M. L., Levine, 19 
A. J., and Popescu, G. (2010) Measurement of red blood cell mechanics during morphological 20 
changes. Proc. Natl. Acad. Sci. U. S. A. 107, 6731-6736 21 

Pawloski, J. R., Hess, D. T., and Stamler, J. S. (2001) Export by red blood cells of nitric oxide 22 
bioactivity. Nature 409, 622-626 23 

Pinder, J. C., Pekrun, A., Maggs, A. M., Brain, A. P., and Gratzer, W. B. (1995) Association state of 24 
human red blood cell band 3 and its interaction with ankyrin. Blood 85, 2951-2961 25 

Premont, R. T., Reynolds, J. D., Zhang, R., and Stamler, J. S. (2020) Role of Nitric Oxide Carried by 26 
Hemoglobin in Cardiovascular Physiology: Developments on a Three-Gas Respiratory Cycle. 27 
Circ. Res. 126, 129-158 28 

Rahbari, M., Rahlfs, S., Przyborski, J. M., Schuh, A. K., Hunt, N. H., Fidock, D. A., Grau, G. E., and 29 
Becker, K. (2017) Hydrogen peroxide dynamics in subcellular compartments of malaria 30 
parasites using genetically encoded redox probes. Sci. Rep. 7, 10449 31 

Rassaf, T., Bryan, N. S., Maloney, R. E., Specian, V., Kelm, M., Kalyanaraman, B., Rodriguez, J., 32 
and Feelisch, M. (2003) NO adducts in mammalian red blood cells: too much or too little? Nat. 33 
Med. 9, 481-482; author reply 482-483 34 

Rossi, R., Giustarini, D., Milzani, A., and Dalle-Donne, I. (2006) Membrane skeletal protein S-35 
glutathionylation and hemolysis in human red blood cells. Blood Cells Mol. Dis. 37, 180-187 36 

Samanta, S., Dutta, D., Ghoshal, A., Mukhopadhyay, S., Saha, B., Sundar, S., Jarmalavicius, S., 37 
Forgber, M., Mandal, C., and Walden, P. (2011) Glycosylation of erythrocyte spectrin and its 38 
modification in visceral leishmaniasis. PLoS One 6, e28169 39 

Schwartz, R. S., Madsen, J. W., Rybicki, A. C., and Nagel, R. L. (1991) Oxidation of spectrin and 40 



 35 

deformability defects in diabetic erythrocytes. Diabetes 40, 701-708 1 

Shotton, D. M., Burke, B. E., and Branton, D. (1979) The molecular structure of human erythrocyte 2 
spectrin: Biophysical and electron microscopic studies. J. Mol. Biol. 131, 303-329 3 

Sinha, A., Chu, T. T. T., Dao, M., and Chandramohanadas, R. (2015) Single-cell evaluation of red 4 
blood cell bio-mechanical and nano-structural alterations upon chemically induced oxidative 5 
stress. Sci. Rep. 5, 9768 6 

Smith, D. K., and Palek, J. (1983) Sulfhydryl reagents induce altered spectrin self-association, skeletal 7 
instability, and increased thermal sensitivity of red cells. Blood 62, 1190-1196 8 

Speicher, D., Weglarz, L., and DeSilva, T. M. (1992) Properties of human red cell spectrin heterodimer 9 
(side-to-side) assembly and identification of an essential nucleation site. J. Biol. Chem. 267 10 
21, 14775-14782 11 

Sullivan, S. G., and Stern, A. (1984) Membrane protein changes induced by tert-butyl hydroperoxide 12 
in red blood cells. Biochim. Biophys. Acta. Biomembr. 774, 215-220 13 

Sun, C. W., Yang, J., Kleschyov, A. L., Zhuge, Z., Carlström, M., Pernow, J., Wajih, N., Isbell, T. S., 14 
Oh, J. Y., Cabrales, P., Tsai, A. G., Townes, T., Kim-Shapiro, D. B., Patel, R. P., and 15 
Lundberg, J. O. (2019) Hemoglobin β93 Cysteine Is Not Required for Export of Nitric Oxide 16 
Bioactivity From the Red Blood Cell. Circulation 139, 2654-2663 17 

Swihart, A., Mikrut, J., Ketterson, J., and Macdonald, R. (2001) Atomic force microscopy of the 18 
erythrocyte membrane skeleton. J. Microsc. 204, 212-225 19 

Taylor, S. M., Parobek, C. M., and Fairhurst, R. M. (2012) Haemoglobinopathies and the clinical 20 
epidemiology of malaria: a systematic review and meta-analysis. Lancet Infect. Dis. 12, 457-21 
468 22 

Townsend, D. M. (2007) S-glutathionylation: indicator of cell stress and regulator of the unfolded 23 
protein response. Mol. Interv. 7, 313-324 24 

Vitvitsky, V., Yadav, P. K., Kurthen, A., and Banerjee, R. (2015) Sulfide oxidation by a noncanonical 25 
pathway in red blood cells generates thiosulfate and polysulfides. J. Biol. Chem. 290, 8310-26 
8320 27 

Webb, A. J., Milsom, A. B., Rathod, K. S., Chu, W. L., Qureshi, S., Lovell, M. J., Lecomte, F. M., 28 
Perrett, D., Raimondo, C., Khoshbin, E., Ahmed, Z., Uppal, R., Benjamin, N., Hobbs, A. J., 29 
and Ahluwalia, A. (2008) Mechanisms underlying erythrocyte and endothelial nitrite reduction 30 
to nitric oxide in hypoxia: role for xanthine oxidoreductase and endothelial nitric oxide 31 
synthase. Circ. Res. 103, 957-964 32 

Williams, T. N. (2006) Red blood cell defects and malaria. Mol. Biochem. Parasitol. 149, 121-127 33 

Wood, K. C., Cortese-Krott, M. M., Kovacic, J. C., Noguchi, A., Liu, V. B., Wang, X., Raghavachari, 34 
N., Boehm, M., Kato, G. J., Kelm, M., and Gladwin, M. T. (2013) Circulating blood endothelial 35 
nitric oxide synthase contributes to the regulation of systemic blood pressure and nitrite 36 
homeostasis. Arterioscler. Thromb. Vasc. Biol. 33, 1861-1871 37 

Yan, Y., Winograd, E., Viel, A., Cronin, T., Harrison, S., and Branton, D. (1993) Crystal structure of 38 
the repetitive segments of spectrin. Science 262, 2027-2030 39 

Ylänne, J., Scheffzek, K., Young, P., and Saraste, M. (2001) Crystal Structure of the α-Actinin Rod 40 



 36 

Reveals an Extensive Torsional Twist. Structure 9, 597-604 1 

Zaccarin, M., Falda, M., Roveri, A., Bosello-Travain, V., Bordin, L., Maiorino, M., Ursini, F., and Toppo, 2 
S. (2014) Quantitative label-free redox proteomics of reversible cysteine oxidation in red blood 3 
cell membranes. Free Radic. Biol. Med. 71, 90-98 4 

Zhang, J., Ye, Z.-w., Singh, S., Townsend, D. M., and Tew, K. D. (2018) An evolving understanding 5 
of the S-glutathionylation cycle in pathways of redox regulation. Free Radic. Biol. Med. 120, 6 
204-216 7 

 8 


