Red Cell Biology & its Disorders
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B and 3 (anion exchanger 1; AE1) is the most abundant membrane

protein in red blood cells, which in turn are the most abundant cells

in the human body. A compelling model posits that, at high oxygen
saturation, the N-terminal cytosolic domain of AE1 binds to and inhibits
glycolytic enzymes, thus diverting metabolic fluxes to the pentose phos-
phate pathway to generate reducing equivalents. Dysfunction of this
mechanism occurs during red blood cell aging or storage under blood
bank conditions, suggesting a role for AE1 in the regulation of the quality
of stored blood and efficacy of transfusion, a life-saving intervention for
millions of recipients worldwide. Here we leveraged two murine models
carrying genetic ablations of AE1 to provide mechanistic evidence of the
role of this protein in the regulation of erythrocyte metabolism and stor-
age quality. Metabolic observations in mice recapitulated those in a
human subject lacking expression of AE1... (band 3 Neapolis), while com-
mon polymorphisms in the region coding for AEl.. correlate with
increased susceptibility to osmotic hemolysis in healthy blood donors.
Through thermal proteome profiling and crosslinking proteomics, we
provide a map of the red blood cell interactome, with a focus on AE1..
and validate recombinant AE1 interactions with glyceraldehyde 3-phos-
phate dehydrogenase. As a proof-of-principle and to provide further
mechanistic evidence of the role of AEl in the regulation of redox
homeostasis of stored red blood cells, we show that incubation with a
cell-penetrating AE1... peptide can rescue the metabolic defect in glu-
tathione recycling and boost post-transfusion recovery of stored red
blood cells from healthy human donors and genetically ablated mice.

Introduction

Band 3, also known as anion exchanger 1 (AE1) because of its role in the exchange
of chloride for bicarbonate anions,’ is one of the main targets of oxidant stress during
red blood cell (RBC) aging i1 vivo and in the blood bank.”® AE1 also regulates RBC
metabolism to allow adaptation to hypoxia and oxidant stress. The N-terminal
cytosolic domain of AE1 serves as a docking site for deoxygenated hemoglobin, with
significantly higher affinity than for oxygenated hemoglobin.’® Based on this back-
ground, it has been proposed that hemoglobin, in addition to its central role of carry-
ing oxygen from the lungs to peripheral tissues, may serve as the “oxygen sensor”
that directs AE1 to regulate metabolism appropriately. Indeed, studies had provided
compelling, albeit indirect evidence that, when not encumbered by deoxy-hemoglo-
bin, the N-terminus of AE1 can bind to and, in so doing, inhibit the glycolytic enzyme
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).”" Notably, RBC host approx-
imately 10° copies of both AE1 and GAPDH.* A wealth of indirect evidence supports
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the likelihood and biological relevance of AE1-GAPDH
interactions, based on data from immunofluorescence-
based experiments,”® enzymatic activity assays, metabolic
flux analysis via nuclear magnetic resonance (NMR),” ana-
lytical ultracentrifugation,' in silico prediction," and genetic
ablation of the N-terminus of band 3 in mice.” However,
early crosslinking studies had hitherto failed to produce
direct evidence of an interaction of GAPDH with the N-ter-
minal residues.” Nevertheless, a widely accepted model was
proposed, according to which AEl serves as a “railway
switch” diverting glucose down different tracks (glycolysis
vs. the pentose phosphate pathway [PPP]) depending on cel-
lular needs.*”*** This model explains why, when oxidant
stress is high and GAPDH is bound to AE1 and thereby
inhibited, RBC favor glucose oxidation via the PPP, to gen-
erate the reducing cofactor NADPH and fuel related antiox-
idant systems;" on the other hand, RBC would rely on gly-
colysis when oxidant stress is low (e.g., at high altitude'),
hemoglobin is deoxygenated and binds to the N-terminus
of AE1l, which in turmn favors the release of glycolytic
enzymes from the membrane to promote the generation of
energy in the form of ATP and NADH. Regulation of the
balance between glycolysis and PPP is essential in order for
RBC to be able to respond to their particular metabolic
needs (membrane pump function, cytoskeleton and lipid
homeostasis), which are a function of whether the RBC are
exposed to high or low oxygen tensions in the lungs or
peripheral capillaries.”

We and others have proposed that this balance may be
dysregulated as RBC age and/or become damaged as a
result of pathology (including SARS-CoV-2 infection®) or
iatrogenic intervention (e.g., blood storage),”” depriving
RBC of critical metabolic plasticity and leading to their
demise.’ So far, the role of AE1 in the quality of stored RBC
has only been hypothesized, based on a body of evidence
that includes: (i) an increase in AE1 fragmentation as a func-
tion of oxidant stress in stored RBC;** (ii) a progressive loss
of the capacity to activate the PPP in stored RBC,*** despite
the gradual inhibition of GAPDH as a function of its oxida-
tion at the active site Cys152 and 156, His179;” (iii) an
increase in band 3 phosphorylation at tyrosine (Y) residues
as a function of storage,” which correlates with the release
of microparticles from stored RBC; (iv) disruption of
GAPDH localization in the membrane upon phosphoryla-
tion of Y8 and 21 of AEL;*""* (v) a poorer storage quality
and post-transfusion recovery of RBC from donors who are
incapable of activating the PPP because of deficient glucose
6-phosphate dehydrogenase (G6PD) activity;** and (vi)
changes in AE1 oligomeric structure correlate with the loss
of phospholipid asymmetry in stored RBC, which could
affect survival upon transfusion.** Despite this evidence,
the role of AE1 in the quality of stored blood has not yet
been elucidated mechanistically.

Methods

The methods are detailed extensively in the Online Supplementary
Methods.

Animal studies with mice

All the animal studies described in this manuscript were
reviewed and approved by the University of Virginia Institutional
Animal Care and Use Committee (protocol n: 4269). Band 3
mouse founders, including huB3, HA Del and BS KO mice (see

later), originally generated by Chu ez al.,” were acquired from the
National Institutes of Health mouse embryo repository and were
bred with C57BL/6 females. The use of Ubi-GFP and HOD mice
has been described in prior publications by our group.* Whole
blood was drawn by cardiac puncture as a terminal procedure for
the mice.

Band 3 Neapolis

RBC (100 uL) were obtained from a subject carrying a mutation
resulting in the lack of AE1 amino acids 1-11, as extensively
described by Perrotta ez al*

REDS-11l RBC Omics

Details of the Recipient Epidemiology and Donor assessment
Study (REDS)-III RBC Omics, including the patients’ enrollment,
blood processing, osmotic hemolysis and development of the
transfusion medicine genome-wide genotyping array have been
described extensively in prior studies on the background of the
pl’Oj ect B3

Methylene blue treatment, red blood cell storage and
tracing experiments

RBC from wild-type (WT) and band 3 knockout (KO) mice
were incubated with methylene blue (100 wM, Sigma Aldrich) at
37°C for 1 h, as described elsewhere.”

RBC from the four main mouse strains investigated in this
study, along with 13 different mouse strains described before,”
were collected, processed, stored, and transfused and post-transfu-
sion recovery was determined as previously described.”

Tracing experiments were conducted with labeled glucose, cit-
rate, glutamine, arachidonic acid and methionine. RBC (100 ulL)
from all the mouse strains investigated in this study or RBC lysates
from healthy donor volunteers (n=3) or the individual carrying
band 3 Neapolis RBC were incubated at 37°C for 1 h in the pres-
ence of stable isotope-labeled substrates, as described previously.”

Metabolomics and proteomics

Metabolomics analyses were performed using a Vanquish ultra-
high performance liquid chromatograph (UHPLC) coupled online
to a Q Exactive mass spectrometer (Thermo Fisher, Bremen,
Germany), as described previously.*

Proteomics analyses, thermal proteome profiling and crosslink-
ing experiments were performed via FASP digestion and
nanoUHPLC tandem mass spectrometry identification (Thermo
Fisher), as previously described.”* and extensively detailed in the
Online Supplementary Methods.

Isothermal titration calorimetry

All isothermal titration calorimetry binding experiments were
performed with a MicroCal iTC.. (Cytiva) set at 25°C. GAPDH
and band 3 proteins were dialyzed into matching buffer (20 mM
Bis-Tris pH 6.5, 50 mM NaCl, 2 mM DTT). The cell contained
GAPDH at 0.1 mM while the syringe contained band 3 at 1 mM.
Reference power was set to 10 pcal/s with a constant stirring
speed of 1,000 rpm. In total, 20 injections were performed. The
first injection was excluded from the data analysis. Experiments
were performed in duplicate and the results were analyzed with
the Origin ITC module.

Nuclear magnetic resonance and structural models

“N-heteronuclear single quantum coherence (HSQC) spectra
were collected at 25°C for the recombinantly expressed band 3
peptide 1-56 in the presence of 100 and 200 uM GAPDH. Data
were collected on a Varian 900 using a standard “N-HSQC
sequence.



Results

Genetic ablation of the N-terminus of band 3 affects
metabolism and glycolysis to pentose phosphate ratios
in stored red blood cells

Despite similar function, the amino acid sequence of AE1
at the N-terminus is poorly conserved between mice and
humans® (Figure 1A). Low’s group generated a knockin
mouse by inserting the human binding site (amino acids 1-
35) into the mouse AE1, resulting in a human-mouse hybrid
AE1 (HuB3) that could be used for a reductionist analysis of
the human binding motif.” Two additional mouse models
were subsequently made: (i) the first one carries a deletion
of the first 11 amino acid residues - hereon referred to as
high affinity deletion or HA Del, since deletion of these
residues negatively affects binding of glycolytic enzymes,
as suggested by immunofluorescence assays,”® enzymatic
activity assays, metabolic flux analysis via NMR,” analytical
ultracentrifugation”, and i silico modeling;" (ii) the second
model is characterized by a deletion of amino acid residues
12-23, which results in loss of affinity for the binding of
deoxygenated hemoglobin (hereon referred to as binding
site knockout or BS KO)* (Figure 1B). Based on this model
(Online Supplementary Figure S1A-C), we hypothesized that
blood from HA Del and BS KO mice would store pootly,
because of the incapacity to activate the PPP as a result of
the lack of residues 1-11 or 12-23, respectively, of the N-ter-
minus of AE1 (Figure 1A, B). Importantly, genetic ablation
of the AE1 N-terminus in these mice recapitulates the stor-
age-induced fragmentation of the AE1 N-terminus at multi-
ple residues in human RBC (Online Supplementary Figure
S51D). RBC from WT, HuB3, HA Del and BS KO mice were
stored under refrigerated conditions for 12 days, prior to
metabolomics and unsupervised multivariate analyses
(Figure 1C, D; Online Supplementary Table S1). The latter
highlighted a significant impact of genotype on the end-of-
storage levels of metabolites involved in glycolysis, the PPP
and glutathione homeostasis (Figure 1E; Ounline
Supplementary Figure S2A, B). To further investigate the
impact on glycolysis and the PPP, RBC from these four
mouse strains were incubated with 1,2,3-*C®-glucose upon
stimulation with methylene blue (MB) (Figure 1F). MB is
metabolized into leukomethylene blue in a reaction that
consumes NADPH and thus promotes PPP activation by
law of mass action.” The levels of lactate isotopologues 2,3-
BC, and 1,2,3-C. — and their ratios — are indicative of acti-
vation of the PPP and glycolysis, respectively, since the first
carbon atom of 1,2,3-*C.-glucose is lost in the form of *CO.
in the oxidative phase of the PPP (Figure G-I, Online
Supplementary Figure S2C). Activation of the PPP following
MB stimulation was comparable in WT, HuB3 and BS KO
mouse RBC, but ablated in HA Del mice; the defect in PPP
activation of HA Del mice was rescued, while BS KO
mouse RBC had higher basal levels and further increases in
PPP activation by MB when incubated with the AE1.. pep-
tide (Figure 11; Online Supplementary Figure S2C).

Red blood cells from mice lacking the N-terminus of
band 3 have poorer post-transfusion recovery

Fresh and stored RBC from HA Del or BS KO mice also
showed increased levels of carboxylic acids (succinate,
fumarate, malate), acyl-carnitines (hexanoyl-, decanoyl-,
dodecenoyl-, tetradecenoyl- and hexadecanoyl-carnitine)
and lipid peroxidation products compared to WT and HuB3
mouse RBC, especially with regard to metabolites of the
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arachidonic and linoleic acid pathways (Figure 2A-C).
Tracing experiments with labeled glutamine, citrate and
methionine confirmed the steady-state aberrations in AE1
KO mice following MB challenge, while incubation with a
recombinant AE1.. peptide only rescued glutaminolysis in
HA Del mice and malate generation in BS KO mice (Figure
2A-C).

Expanding on previous targeted metabolomics studies,
untargeted metabolomics analyses on fresh and stored RBC
from 183 different mouse strains identified metabolic corre-
lates of post-transfusion recovery (Figure 2D-G), a Food and
Drug Administration gold standard for storage quality.
Pathway analyses and top ranked correlates are shown in
Figure 2E-G, including previously reported oxylipins,*** but
also purine oxidation products (xanthine), short chain and
long chain saturated fatty acids, as well as carboylic acids as
top negative correlates (Figure 2F, G; Online Supplementary
Table S1). All of these metabolites accumulated at higher
levels in stored RBC from HA Del and BS KO mice com-
pared to WT and HuB3 mice. Consistently, determination
of end-of-storage post-transfusion recovery of RBC from
the four mouse strains showed significant decreases in post-
transfusion recovery in the HA Del and BS KO mice
(63.2+3.1% and 35.4+5.8%, respectively compared to
88.9+5.6% for WT and 85.5+3.6% for HuB3 mouse RBC)
(Figure 2H).

36,39

Lack of the 11 N-terminal amino acids of AE1 in
humans results in red blood cell metabolic alterations
comparable to those in AE1 knockout mice

In 2005, Perrotta and colleagues™ identified a son of a
consanguineous marriage with severe anemia, which was
associated with a deficiency of AE1 expression (~10% of
normal levels). Characterization of the gene coding for AE1
(SLC4A1) revealed a single base substitution (I-->C) at
position +2 in the donor splice site of intron 2, resulting in
the generation of a novel mutant protein that lacked
residues 1-11 (band 3 Neapolis) (Figure 3A). The HA Del
mice in this study recapitulate, at least in part, band 3
Neapolis RBC in humans. Consistent with observations in
HA Del mice, “omics” analyses of band 3 Neapolis RBC
compared to control RBC showed significant alterations of
glycolysis, glutathione homeostasis, decreases in methyl-
group donors for isoaspartyl damage repair,® increases in
carboxylic acid, and altered arginine and polyamine metab-
olism (Figure 3B; Online Supplementary Figure S3A, B).
Incubation of band 3 Neapolis RBC lysates with 1,2,3-*C-
glucose confirmed a deficit in the capacity to activate the
PPP following stimulation with MB, a defect that was cor-
rected by rescue with a recombinant AE1.. peptide (Figure
2C), similar to HA Del RBC.

Proteomics analyses showed higher levels of hexokinase,
but lower levels of all the remaining glycolytic enzymes
downstream to it, as well as of enzymes of the PPP and glu-
tathione synthesis in the RBC from the band 3 Neapolis
individual (Online Supplementary Figure S4C), despite com-
parable mean corpuscular value, mean corpuscular hemo-
globin and hematocrit (Ounline Supplementary Table S1).
Alterations in RBC metabolism in band 3 Neapolis RBC
comparable to those observed in AE1 KO mice were con-
firmed not just at steady state (e.g., higher levels of lipid oxi-
dation products) (Figure 3D), but also by tracing experi-
ments with "C*N-glutamine; ®C-citrate, *C*N-methion-
ine, and deuterium-labeled arachidonate (Ounline
Supplementary Figure S3D-G).
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Single nucleotide polymorphisms in the region coding
for AE1... correlate with increased osmotic fragility
of stored human red blood cells

Mutations targeting the N-terminus of AE1 (e.g., AEL..,
band 3 Neapolis) in humans result in significant hemoly-
sis, requiring blood transfusion.* Therefore, humans car-
rying equivalent mutations to those used in our mechanis-
tic mouse models would not be eligible to donate blood.
The region coding for AE1 (gene name SLC4A1) is highly
polymorphic in humans. AE1 polymorphisms were cap-
tured in the genetic array of over 879,000 single nucleotide
polymorphisms designed for the Recipient Epidemiology
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Deoxy-Hb binding Site

TMEELQD - - - - - - - - D|MMEENLEQEEYED|PDI PESQMEEPA S - - - - - -
Mouse Sequence ' MGDMRDHEEV L|EIPDRDSEE ELE|NIIGQIAYRDLTIPVTEMQDPEAL?C. - -

and Donor assessment Study (REDS) III-RBC Omics.”
The REDS III RBC Omics enrolled a large cohort of 13,806
healthy donor volunteers in four different blood centers
across the USA.*® Units from these donors were stored for
up to 42 days prior to determination of the RBC suscepti-
bility to hemolysis following osmotic insults.*® Genome-
wide association studies revealed that the highly polymor-
phic region on chromosome 17 coding for AE1 ranked
among the top correlates with osmotic fragility (Figure
3E). While the most significant single nucleotide polymor-
phisms associated with greater osmotic hemolysis were
intronic variants, three polymorphisms were identified in
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Figure 1. Continued on the following page.
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Figure 1. The N-terminus of band 3 controls red blood cell metabolism during storage under blood bank conditions. (A) Human and mouse N-terminal band 3
sequences are slightly different. (B) We leveraged humanized AE1 mice,*? and compared them to wild-type (WT) mice (C57BL6), or humanized mice lacking residues
1-11 (deletion of the high affinity binding region for glycolytic enzyme:*2 HA Del) or 12-23 (hemoglobin binding site knockout: BS KO). (C) Red blood cells (RBC) from
these mice were stored under refrigerated conditions for 12 days, prior to metabolomics analyses. (D, E) Storage and genotypes had a significant impact on RBC
metabolism, as determined by unsupervised principal component analysis (D) and hierarchical clustering analysis of significant metabolites by analysis of variance
(E). Specifically, strain-specific differences in fresh and stored RBC were noted in glycolysis, the pentose phosphate pathway (PPP) and glutathione homeostasis. (F)
To further investigate the impact on glycolysis and the PPP, RBC from the four mouse strains were incubated with 1,2,3-*C-glucose upon stimulation with methylene
blue (MB). (G, H) Rescue experiments were also performed by incubating RBC with a recombinantly expressed N-terminus AE1 peptide (residues 1-56), prior to deter-
mination of the ratios of lactate isotopologues +3 and +2, deriving from glycolysis and the PPP, respectively. (I) MB activated the PPP in all mouse strains except for
the HA Del mice. Supplementation of the AE1... peptide increased PPP activation and decreased glycolysis in HA Del mice and further exacerbated responses in all
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Figure 2. Metabolic alterations in band 3 knockout mice correlate with poor post-transfusion recovery. (A-C) Analyses of fresh and stored red blood cells (RBC) from
wild-type (WT) (C57BL6) mice [green], humanized band 3 mice (HuB3) [white] and mice lacking amino acids 1-11 (HA Del) [yellow] or 12-23 (BS KO) [orange] of band
3 showed strain-specific differences in several pathways in fresh and stored RBC. Above all, stored RBC from the KO mice were characterized by increased levels of
carboxylic acid and lipid peroxidation products (A), especially metabolites of the arachidonate metabolism (B), including prostaglandins, eicosanoids, hydroxyeicosate-
traenoates (HETE) and hydroxyoctadecenoates (HODE) (C); the full, vectorial version of this list is provided in Online Supplementary Table S1). (D-F) Metabolomics
analyses on fresh and stored RBC from 13 different mouse strains (D) highlight these metabolites as significant correlates with poor post-transfusion recovery (E),
as highlighted by the metabolite set enrichment analysis in (F) and the ranked top positive and negative correlates with post-transfusion recovery reported in (G). (H)
Determination of end-of-storage post-transfusion recovery of RBC from the four mouse strains showed significant decreases in recovery in the HA Del and BS KO

the blood donor population as D38A, E40K and K56E.
These single nucleotide polymorphisms had been previ-
ously reported to be associated with hereditary spherocy-
tosis (band 3 Foggia and Neapolis II),** a condition asso-
ciated with mild to moderate hemolysis in eligible blood
donors,” especially when heterozygous for these traits.
The D38A allele was rare in Europeans (4% of the donor
population) and relatively more common in east Asians
(8%), while the K56E allele was common in donors of
Alfrican ancestry (10%). Although low, these allele fre-
quencies appear to be relevant to the field of transfusion
medicine when considering the over 100 million units
donated every year around the world.
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Proteomics and structural studies on the interactome
of band 3

After confirming the lack of the N-terminal portion of
AE1 in the KO mice (Online Supplementary Figure S4E-G),
we characterized the proteomes of RBC from the four
mouse strains, with a focus on protein levels that were sim-
ilarly altered in both HA Del and BS KO mice, or uniquely
altered in either KO strain (Online Supplementary Figure S4H-
K). The list of proteins whose levels were decreased in band
3 KO mice included numerous proposed interactors of AE1
(in red in Online Supplementary Figure 4H-K, Online
Supplementary Table S1). This observation could be
explained by altered protein expression in erythroid cells
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Figure 3. Metabolic impact of AE1... deletion in human red blood cells and alterations of osmotic fragility of stored red blood cells from donors with polymorphisms
in AEL... (A, B) Lack of amino acid residues 1-11 of AE1 in humans, known as band 3 Neapolis, (A) results in increased activation of glycolysis and decreases in glu-
tathione pools (B). (C) Tracing experiments with 1,2,3-*C-glucose showed impaired responses to methylene blue (MB)-induced activation of the pentose phosphate
pathway (PPP) compared to glycolysis in band 3 Neapolis, a phenotype that is partially rescued in vitro by supplementation of a recombinant AE1... peptide. (D)
However, band 3 Neapolis RBC were also characterized by higher levels of oxylipins, comparable to those observed in stored RBC from mice lacking AEL amino acids
12-23 (BS KO). (E) Genome-wide association studies on 13,806 healthy donor volunteers revealed increased osmotic fragility in subjects carrying a polymorphism
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during maturation to RBC, or could be indicative of a pro-
tective role from proteolytic degradation by interaction of
these proteins with the N-terminus of AE1, as proposed in
other studies of the RBC degradome.”

To test the latter hypothesis, we used thermal proteome
profiling coupled to tandem mass tag 10 (TMT10) (Figure
4A) to determine candidate interacting partners to AE1..
Candidate interactors were identified as those with the
most extreme alterations in the temperature at which their
solubility decreased/increased and precipitation was
observed (ATm) (Figure 4B, Online Supplementary Table S1).
In other words, an increase/decrease in the ATm of a pro-
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tein indicates a stabilizing/destabilizing effect on the pro-
tein (or the complex it is part of) through direct/indirect
interaction with AEl... A few representative melting curves
for the top hits for proteins stabilized or destabilized by the
presence of AEl.. (red) compared to untreated controls
(blue) are provided in Figure 4C. Hits include several gly-
colytic enzymes GAPDH, aldolase A, phosphoglycerate
kinase and lactate dehydrogenase A; hemoglobin a and
beta; enzymes involved in redox homeostasis and oxidant
damage-repair such as protein L-isoaspartate O-methyl-
transferase, peroxiredoxin 2, y-glutamyl cysteine ligase, gly-
oxalase 1, aldehyde dehydrogenase 1, glutathione peroxi-
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dase 4, and phosphogluconate dehydrogenase; or other
metabolic enzymes including acetyl-CoA lyase, arginase 1,
adenosyl homocysteine hydrolase, glutamate oxalacetate
transaminase, and adenylate kinase (Figure 4C).

Immunoprecipitation and crosslinking proteomics
studies with recombinantly expressed AE1..,

To confirm and expand on the thermal proteome profil-
ing-TMT10 analyses, we recombinantly expressed AEl..
with a His-SUMO-tag at either the N- or C-terminus, prior
to incubation with human plasma, RBC cytosols and mem-
brane from human RBC lysates and purification/pull-down
of interacting partners (Online Supplementary Figure S5A).
Pathway analyses of the hits from these experiments con-
firmed most of the hits from thermal proteome profiling
(Online Supplementary Table S1), revealing a widespread net-
work of interactors of AE1, including up to 63 proteins
involved in metabolic regulation, as mapped against the
KEGG pathway map of human metabolism (Online

Supplementary Figure S5B, C). One limitation of the thermal
proteome profiling and immunoprecipitation approaches is
that they identify both direct and indirect interactors to AE1
that can be pulled down because of their complexing with
direct AE1 interactors. To distinguish between direct and
indirect interactors of AE1.., we repeated the precipitation
experiments by also introducing crosslinking agents, disuc-
cinimidyl sulfoxide (DSSO) or 4-(4,6-dimetoxy-1,3,5-tri-
azin-2-yl)-4-metylmorpholinium (DMTMM)  (Online
Supplementary Figure S6A, B; Online Supplementary Table S1).
As proof of principle, we first performed these analyses on
RBC lysates without the addition of recombinant AE1, pro-
viding an experimental report of the RBC interactome
(shown in the form of a circos plot or network view in
Online Supplementary Figure S6C, D, respectively; Online
Supplementary Table S1), significantly expanding on in silico
predictions reported in the literature.” This analysis recapit-
ulated decades of structural studies on RBC hemoglobin
(Online Supplementary Figure S7) and the RBC membrane
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respectively, divided by pathway.

interactome (Online Supplementary Figure SSA-C), relevant
to the regulation of the RBC cytoskeleton, and the role AE1
plays as a lynchpin for RBC membrane structural proteins
(Online Supplementary Figure SSC) and AE1 multimerization
in the intra- and extra-cellular compartments (Online
Supplementary Figure S8D, E). A detailed description and dis-
cussion of these results is provided in the Ounline
Supplementary File.

To further focus on the AE1 N-terminus, crosslinking pro-
teomics studies were repeated with the addition of recom-
binant AEl.. This approach enabled determination of
direct AEl.. protein interactors by identifying crosslinked
free €-amines of lysine (K) with adjacent identical residues
(DSSO) or carbon atoms in the carboxylic groups of aspartic
acid (D) or glutamic acid (E) ODMTMM) (Figure 5), provided
these residues face each other within a range spanning from
11.4 to 24 A® The list (Online Supplementary Table S1)
included several structural proteins, proteasomal compo-
nents, and enzymes involved in glycolysis, redox home-
ostasis, and purine, glutamine or sulfur metabolism, both in
RBC membranes and cytosols (Figure 4E, E respectively).
An overview of the AE1... interactome is shown in Figure 5.
This approach revealed three hot spots of crosslinks, at D or
E residues in amino acid sequences 1-7, 13-25 and 40-45 of
the AE1 N-terminus (Figure 5). Intramolecular and intermol-
ecular interactions were observed for AE1 itself at the N-ter-
minus (positions 45-6; 45-38; 45-56; 45-1; 25-1, 38-1, etc.)
and C-terminus (833-840; 837-765; 771-849, etc.) (Online
Supplementary Table S1). We report direct interactions of
AE1.. with hemoglobin B (1-2; 25-2; 23-2; 10-2; 10-134; 1-
97; 38-2; 6-2; 1-100) (Online Supplementary Figure S9) and
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hemoglobin A (38-7, 38-86; 1-97: less frequently and with
lower scores than the crosslinks with hemoglobin B).” In
addition, direct crosslinks were identified for AE1.. with
spectrin B (residues 23 to 1664), ankyrin (residues 10-381)
(Online Supplementary Figure S8A-C), phosphoglucomutase
2 (residues 23-88), enolase {3 (residues 38-198). glyoxylase 2
(residues 10-299), Rab GDP dissociation inhibitor f (posi-
tion 2-2) (Online Supplementary Table S1), Golgi integral
membrane protein 4 (residues 23-570 — consistent with
work on endosomes),” carbonic anhydrase 2 (residues 1-81)
and biliverdin reductase B (residues 1-40).

Pull-down of AE1... followed by crosslinking studies iden-
tified further candidate indirect interactors that are part of
macromolecular complexes with direct AE1.. interactors,
including peroxiredoxin 2,” peroxiredoxin 6, catalase, phos-
phofructokinase isoforms,” proteins 4.1 and 4.2, glucose
phosphate isomerase, stomatin, adducin f, carbonic anhy-
drase 1, and 1-phosphatidylinositol 4,5-bisphosphate phos-
phodiesterase n-2 (full list in Online Supplementary Table S1).
Other enzymes were pulled-down, but not directly
crosslinked (suggestive of an indirect interaction with AE1,
although direct interactions with other residues beyond
residue 56 cannot be ruled out), such as acetyl-CoA lyase,
bleomycin hydrolase, serine/threonine-protein kinase
OSR1, desmoplakin, calpastatin, and glycophorin A.

Biophysical studies of the GAPDH and AEL1..,
interaction

The interaction between recombinant GAPDH tetramers
(Figure 6A) and AE1.. (also including K56) was confirmed
via isothermal titration calorimetry with a Kd of 2.56 uM




(Figure 6B), and two-dimensional NMR upon titration of
GAPDH (0, 100 and 200 uM) (Figure 6C). Of note, recom-
binant expression of an AEl peptide spanning from
residues 1-30 resulted in weaker interactions with GAPDH
(Kd: 44.8 uM) (Online Supplementary Figure S10A, B).
Calculations of chemical shift perturbations induced by
GAPDH titration to the “N-labeled AE1.. (Figure 6D) pro-
vided clues on the structural organization of the otherwise
intrinsically disordered N-terminus of AE1. Specifically,
residues that comprise the AE1 binding site exhibit severe
line-broadening due to exchange with the much larger
GAPDH. For example, the terminal residues are the pri-
mary binding site as illustrated by the near complete disap-
pearance of the central Y8 amide, compared to the Y46
amide, which exhibits no chemical shift perturbations
(Figure 6E). DSSO and DMTMM crosslinks of GAPDH and
AEl.. (a representative spectrum between AE1 K56 and
GAPDH D203 is shown in Figure 6F) are reported in Figure
6G and Online Supplementary Table S1. Cross-linked residues
are mapped against the GAPDH monomeric structure in
Figure 6H. Similar results were obtained when probing
interactions between GAPDH and AEl. (Osnline
Supplementary Figure S10C-E), with the exception of
crosslinks between E40, a hotspot for interaction with sev-
eral GAPDH residues in the longer AE1 peptide (3, 5, 84, 86,
194, 219, 251, 259, 260, 263) (Figure 6G). These experi-
ments provide further proof of a direct interaction of the N-
terminus of AE1 with GAPDH and indicate that the N-ter-
minal region comprising residues 1-20 is the primary bind-
ing site with additional contacts that also contribute to the
AE1/GAPDH interaction. Isothermal titration calorimetry,
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NMR and crosslinking proteomics data were used to build
a model of the AEl.. interaction with GAPDH with the
Rosetta software, indicating that the active site pocket of
GAPDH is exposed to residues 1-15 of AE1 (Figure 61, K;
distances between K and D/E residues are shown in Online
Supplementary Figure S10F).

Cell membrane-permeable AE.... peptides reverse the
defect in glutathione recycling capacity of red blood
cells from band 3 knockout mice

To rescue the genetic defect resulting from ablation of the
AE1 N-terminus, we designed three membrane permeable
versions® of AEl.. through addition of a polyarginine
(polyArg), internalization sequence or TAT sequence at the
C-terminus of the peptide (Figure 7A). Human RBC were
thus incubated with a control (scramble), an AE1.. peptide
(non-penetrating) or the three cell-penetrating peptides in
the presence of 1,2,3-*C.-glucose and MB stimulation to
activate the PPP (Figure 7A). Tracing experiments showed
that the PPP was activated following MB in all cases, but
ATP synthesis was only preserved in the RBC treated with
the cell-penetrating peptides (Figure 7B), consistent with
the schematic in Figure 7C. We thus hypothesized that
incubation with polyArg-AE1.. would at least partially res-
cue the defect in PPP activation upon MB stimulation of
RBC from AE1 KO mice, especially HA Del (Figure 7D).
The results showed increased glutathione oxidation
(GSSG/GSH ratios) in response to MB treatment in all
cases, but a significant rescue by the AE1 peptide in both
AE1 KO. In the presence of polyArg-AE1.. post transfusion
recovery of stored murine RBC was restored in WT and HA
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Del mice back to levels observed in HuB3, but not in BS KO
mice (Figure 7E)

Discussion

Here we provide mechanistic evidence of a role for the N-
terminus of AE1 in regulating the quality of stored RBC.
Using multiple state-of-the-art direct and indirect structural
approaches, we provide an experimental overview of the
RBC interactome, with a focus on the N-terminus of band
3. A further discussion of the results is provided in the
Online Supplementary File. While the structure of the N-ter-
minus of AE1 beyond residue K56 has been solved through
crystallography,” AEl.. is an intrinsically disordered
domain that has hitherto eluded structural studies. In the
present study, we provide conclusive, direct evidence of the
interaction between GAPDH and band 3 by: (i) thermal
proteome profiling; (i) pull-down and (iii) crosslinking of
recombinantly expressed AEl.; (iv) isothermal titration

AE1 regulates RBC metabolism and storage -

calorimetry, (v) NMR, (vi) crosslinking with two different
agents (DSSO and DMTMM,) of recombinantly expressed
GAPDH and AE1.. or AE1.. - the former showing a stronger
interaction at least in part explained by a hotspot of
crosslinks between E40 on AE1 and GAPDH. Of note,
crosslinking studies have hitherto failed to show direct
proximity of the (many) acidic residues of the AE1 N-termi-
nus with GAPDH K and/or D/E residues, with only one
cross-link reported between the two proteins bridging pep-
tides spanning residues 356-384 of AE1” In this view, it
should be noted that results from prior studies suggest that
the AE1 N-terminus might not necessarily be the only
region of this protein interacting with GAPDH. Finally, (vii)
we modeled GAPDH-AE1.. structural interactions, as con-
strained by all the data above. We also provide evidence of
direct and indirect interactions of the N-terminus of AE1
with several other glycolytic enzymes and show that the
metabolic defect in glutathione recycling of oxidatively
challenged or stored RBC can be rescued in WT human and
genetically ablated mouse RBC through incubation with a
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Figure 6. Structural studies of recombinantly expressed GAPDH and its interaction with the N-terminus of band 3 (residues 1-56). (A) Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was recombinantly expressed in E.coli prior to purification and interaction studies with the recombinantly expressed band 3 peptide
(residues 1-56). (B-E) These studies included isothermal titration calorimetry (B), nuclear magnetic resonance of band 3 (AE1..) with 200 or 200 yM GAPDH (C) and
derived calculation of chemical shift perturbations (CSP) (D), and in silico modeling of band 3 (1-56) structure based on NMR data (E). Following these studies,
crosslinking proteomics analyses were performed in vitro by co-incubating GAPDH and AE1... in the presence of disuccinimidyl sulfoxide (DSSO) or 4-(4,6-dimetoxy-
1,3,5-triazin-2-yl)-4-metylmorpholinium (DMTMM). (F, G) A representative spectrum (F) from one of the most abundant crosslinks, comprehensively mapped in the
circos plot (light blue for intramolecular crosslinks, red for intermolecular ones) (G). (H) Results were thus mapped against the GAPDH monomeric structure (blue: all
lysine residue on GAPDH that were experimentally found to crosslink to band 3 aspartyl or glutamyl side chains; yellow: the lysines that were available for crosslinking
but were not found to face band 3 acidic residues within the reach of the crosslinker of ~20 A). (H-K) Nuclear magnetic resonance and crosslinking proteomics data
were used to build a model of the band 3 (1-56) interaction with GAPDH with the software Rosetta, resulting in the active site pocket of GAPDH being exposed to

residues 1-15 of band 3.

cell-penetrating AE1... peptide. Clearly, these proof-of-prin-
ciple mechanistic experiments do not suggest the potential
use of such peptides as a supplement to current blood bags,
since the approach would be logistically unfeasible because
of the prohibitive costs. An additional concern about such
an approach would be the potential immunogenicity of
such a peptide upon infusion i vivo. Notably, activation of
the PPP and post-transfusion recovery were normalized in
band 3 KO RBC lacking AE1 residues 1-11 (HA Del) upon
incubation with a cell-penetrating AE1.. peptide. It is worth
stressing that the band 3 KO mice lacking residues 1-11 (but
not those lacking residues 12-23) phenocopied defects in
PPP activation previously described in G6PD-deficient
RBC** with respect to the decreased capacity to activate

the PPP and ultimately poor post-transfusion recovery.

The use of multiple approaches to investigate AE1 inter-
acting partners is justified by the intrinsic limitations of
each independent method. For example, false hits may
result from nonspecific pull-down in the immunoprecipita-
tion studies or indirect effects of AE1 on the stabilization of
multimeric complexes with proteins identified as candidate
interacting partners in thermal proteome profiling studies.
To mitigate these problems, we performed additional
crosslinking proteomics studies, alone or in combination
with immunoprecitation strategies. Acknowledging these
caveats, here we validated well-established AE1 interactors
(e.g., hemoglobin, ankyrin, spectrin, carbonic anhydrase,
glycophorin A), and identified other likely interactors



including several components of glutathione synthesis (e.g.,
y-glutamyl cysteine ligase, glutathione synthetase, glu-
tathione recycling (6PGD), glutathione-dependent lipid per-
oxidation pathways (glutathione peroxidase 4), as well as
other antioxidant enzymes (peroxiredoxins 2 and 6, cata-
lase). While peroxiredoxin 2 had been previously suggested
to interact with the N-terminus of AE1,” here we provide
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direct evidence of this interaction. Tracing experiments sug-
gested that RBC lacking the N-terminus of AE1 suffer from
an altered degree of de novo glutathione synthesis, at least in
part explained by altered glutaminolysis and transamina-
tion. Indeed, glutamate oxalacetate transaminase, postulat-
ed to be present® but never before identified through pro-
teomics in RBC, was identified as a potential interactor
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Figure 7. Cell membrane-permeable band 3... peptides reverse the defect in the glutathione recycling capacity of red blood cells from band 3 knockout mice. (A) Three
membrane permeable versions of the band 3 (AE1..) peptide were generated through addition of a poly arginine (polyArg), internalization sequence or TAT sequence at the
C-terminus of the peptide. Human red blood cells (RBC) were thus incubated with a control (scramble), a band 3 (B3) 1-56 peptide (non-penetrating) or the three pene-
trating peptides in the presence of 1,2,3-2C-glucose and methylene blue (MB) stimulation to activate the pentose phosphate pathway (PPP). (B) *C isotopologues of gly-
colysis and the PPP are reported for all groups at baseline and following MB stimulation of healthy human RBC, showing increases in PPP activation following MB in all
cases, even though ATP levels were only preserved in the RBC treated with the cell-penetrating peptides, suggesting a metabolic reprogramming consistent with the
schematic in (C). (D) RBC from wild-type (WT), humanized band 3 (HuB3) or band 3 knockout mice lacking residues 1-11 (HA Del) or 12-23 (BS KO) were stimulated with
MB in the presence of a cell-penetrating version of the band 3 peptide (polyArg). Results show increased glutathione oxidation in response to MB treatment in all cases,
but significant rescue by the band 3 peptide, especially in the HA Del and BS KO groups. (E) Similarly, storage of murine RBC from the WT and band 3 KO mouse strains
in the presence of the polyArg cell-penetrating AE1... peptide promoted increases in post-transfusion recovery in WT and HA Del mice, but not in BS KO mice.
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with AEl.. Still, the caveats remain that these interactors
would have to compete with a finite number of AE1 N-ter-
minal domains per RBC (~10° copies/cell).

Of note, in the plasma samples we also immunoprecipi-
tated high mobility group nucleosome binding protein and
histone H2A type 2, very basic proteins, likely with affinity
for the very acidic N-terminus of AE1. While speculative at
this stage, if confirmed, this interaction would suggest a
role for RBC hemolysis in mitigating the endogenous dan-
ger signaling associated with the release of these damage-
associated molecular pattern (DAMP) proteins in response
to organ damage or traumatic injury or other DAMP-stim-
ulating events.”

In conclusion, here we leveraged mouse models carrying
a humanized AE1 N-terminus, either canonical or with
genetic ablation of sequences coding for amino acid
residues 1-11 or 12-23. RBC from these mice, which reca-
pitulate N-terminus AE1 fragmentation observed in human
packed RBC during storage in the blood bank or the genetic
defect observed in humans carrying band 3 Neapolis, are
characterized by increased markers of the storage lesion
and poor post-transfusion recovery. Phenotypes recapitu-
late those observed in humans carrying G6PD-deficient
traits in mice lacking AE1 residues 1-11 (which are required
for binding to GAPDH in proximity to its active side) and in
band 3 Neapolis human RBC, because of defects in the
capacity to activate the PPP — a defect that could be mecha-
nistically rescued by a cell membrane-penetrating AEL..
peptide in proof-of-principle studies. While humans carry-
ing mutations of AE1 N-terminus are not eligible for blood
donation, polymorphisms on the chromosome 17 region
coding for AEl are common and associate with an
increased susceptibility to lysis following osmotic insult,
especially in subjects with single nucleotide polymorphisms
targeting residues that we have identified as hotspots for
the AE1 N-term interactome (D38, E40 and K56). Finally,
here we provide the first experimental map of the RBC
interactome (discussed extensively in the Ounline
Supplementary File), with a specific focus on the N-terminus
of AE1. Through a combination of proteomics approaches
(co-immunoprecipitation, thermal proteome profiling and
crosslinking proteomics) we validated previously described
interactors (e.g., GAPDH) and identified potential new can-
didate binding partners for AE1... Some of the interactions
reported here may also be nonspecific (e.g., those driven by
electrostatic interactions with the negatively charged acidic
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