1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Br J Haematol. Author manuscript; available in PMC 2015 July 26.

Published in final edited form as:
Br J Haematol. 2011 August ; 154(4): 492-501. doi:10.1111/j.1365-2141.2011.08612.x.

Comparative proteomics reveals deficiency of SLC9A1 (sodium/
hydrogen exchanger NHE1) in p-adducin null red cells

Jason M. Wooden12, Greg L. Finney3, Eric Rynes?3, Michael J. MacCoss3, Amy J. Lambert?,
Raymond F. Robledo?, Luanne L. Peters?, and Diana M. Gilligan1:2.T

1Puget Sound Blood Center, University of Washington School of Medicine, Seattle, WA, USA

2Department of Medicine, Hematology Division, University of Washington School of Medicine,
Seattle, WA, USA

3Genome Sciences, University of Washington School of Medicine, Seattle, WA, USA

4The Jackson Laboratory, Bar Harbor, ME, USA

Summary

Spherocytosis is one of the most common inherited disorders, yet presents with a wide range of
clinical severity. While several genes have been found mutated in patients with spherocytosis, the
molecular basis for the variability in severity of haemolytic anaemia is not entirely understood. To
identify candidate proteins involved in haemolytic anaemia pathophysiology, we utilized a label-
free comparative proteomic approach to detect differences in red blood cells (RBCs) from normal
and B-adducin (Add2) knock-out mice. We detected seven proteins that were decreased and 48
proteins that were increased in f-adducin null RBC ghosts. Since haemolytic anaemias are
characterized by reticulocytosis, we compared reticulocyte-enriched samples from
phenylhydrazine-treated mice with mature RBCs from untreated mice. Among the 48 proteins
increased in Add2 knockout RBCs, only 11 were also increased in reticulocytes. Of the proteins
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decreased in Add2 knockout RBCs, a-adducin showed the greatest intensity difference, followed
by SLC9AL, the sodium-hydrogen exchanger previously termed NHEL. We verified these mass
spectrometry results by immunoblot. This is the first example of SLC9A1deficiency in haemolytic
anaemia and suggests new insights into the mechanisms leading to fragile RBCs.
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Spherocytosis is one of the most common inherited disorders with an incidence of 1:2500-
1:5000 in populations of Northern European descent. These anaemias arise from
abnormalities in the red blood cell (RBC) membrane skeleton, a network of proteins
organized around a hexagonal array of spectrin tetramers crosslinked by short actin
filaments (Bennett & Gilligan, 1993). The membrane skeleton is crucial to the RBC,
providing both support and flexibility as cells move rapidly through the circulation and
traverse narrow capillaries (Chasis & Mohandas, 1986; Mohandas & Chasis, 1993).

Defects in membrane skeleton proteins cause mild to severe haemolytic anaemia (Mohandas
& Gallagher, 2008) and even hydrops fetalis (Birkenmeier & Barker, 2004). Most clinical
cases of hereditary haemolytic anaemia due to membrane skeleton defects have been
attributed to defects in ankyrin, spectrin, band 3, and protein 4-2 (lolascon et al, 2003).
However, fundamental issues remain unresolved surrounding the pathophysiology of these
disorders. First, not all clinical cases are accounted for by known membrane skeleton
defects. Secondly, the clinical variability of currently known RBC mutations suggests the
presence of genetic modifiers of disease severity and outcomes (lolascon et al, 2003). A
deeper understanding of RBC proteins involved in haemolytic anaemia pathophysiology
would clarify these issues.

Mouse models have contributed significantly to our understanding of haemolytic anaemia
(Peters & Barker, 2001; Eber & Lux, 2004). Targeted disruptions or spontaneous mutations
have been described in the genes for many of the well-studied components of the RBC
membrane skeleton [for e.g., spectrin (Bodine et al, 1984), ankyrin (White et al, 1990), band
3 (Peters et al, 1996; Southgate et al, 1996), protein 4.2 (Peters et al, 1999)]. These models
differ in disease severity and in their secondary effects (Birkenmeier & Barker, 2004). Thus,
they represent a useful tool for identifying modifiers of hereditary haemolytic anaemia
severity. The f~adducin knockout (Add2-KO) mouse is a model of compensated haemolytic
anaemia (Gilligan et al, 1999). Adducin is present in human RBCs as a mixture of a/f
heterodimers (Gardner & Bennett, 1986) while mouse RBCs also have the y subunit at low
levels (Gilligan et al, 1999; Muro et al, 2000). Add2-KO RBCs are completely deficient in
p~adducin with reduced levels of a-adducin and increased levels of y-adducin (Gilligan et al,
1999). Similar to patients with hereditary spherocytosis, RBCs from $-adducin null mice are
osmatically fragile, spherocytic, and dehydrated compared with wild type. Finally, the
Add2-KO and other mouse models have been under-utilized in that normal versus disease
protein differences have not been globally and comprehensively analysed. This report is the
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first such comprehensive comparison and reveals new insights into the pathophysiology of
haemolytic anaemia.

Past studies of protein changes in the RBC have been hampered by the limitations of
methods for studying complex systems and limitations in detecting low abundance protein
components. Newly developed mass spectrometry technology represents a promising
alternative for analysing hereditary haemolytic anaemias. The RBC is particularly amenable
to quantitative mass spectrometry due to its relatively limited protein complexity
[approximately 600 proteins (Pasini et al, 2006)]. Interest has grown in label-free
comparative approaches that would circumvent the need for metabolic labelling or chemical
labels (i.e., ICAT, iTRAQ). The low level of RBC protein complexity makes it an attractive
candidate for recently developed label-free quantitative approaches using shotgun liquid
chromatography tandem mass spectrometry (LC-MS/MS). This approach uses information
in LC-MS/MS spectra to identify the peptides present in a protease digest of a complex
mixture and to estimate differences in abundance of peptides from their intensities in LC-
MS spectra.

Here we demonstrate the usefulness of label-free analysis to comprehensively detect protein
differences in RBCs from normal and Add2-KO mice. We have used the recently developed
software package CRAWDAD (Chromatographic Retention Time Alignment and Warping
for Differential Analysis of LC-MS Data) (Finney et al, 2008) to find significant changes in
abundance between biological replicates of normal and Add2-KO mice. CRAWDAD was
also used to identify differences in the protein composition of reticulocytes versus mature
RBCs which enabled us to filter the results from the Add2-KO mice for proteins likely to be
increased from reticulocytes. Comparative proteomics reveals differences in protein
abundance which span a broad range of cellular processes, including a significant deficiency
of SLC9AL [solute carrier family 9 (sodium/hydrogen exchanger), member 1 (previously
termed NHEZL; gene symbol Slc9al] in the Add2-KO RBC ghosts. Some of the detected
differences represent candidate proteins involved in pathophysiology of hereditary
haemolytic anaemia.

Materials and methods

Animals

Mice were bred at The Jackson Laboratory (Bar Harbor, ME, USA) in climate-controlled
rooms (12-h light/dark cycle) and provided with acidified water and chow (NIH 5K52) ad
libitum. The B-adducin null mice have been fully backcrossed (>20 generations) onto the
C57BL/6J strain. All studies were performed on adult mice 6 weeks of age or older.
Procedures were approved by the Jackson Laboratory Animal Care and Use Committee and
by the Institutional Animal Care and Use Committee at the University of Washington.

Protein isolation from g-adducin (Add2) knock-out mice RBC samples

Whole blood samples (0-3-0-9 ml) were obtained from independent biological replicates of
each genotype via cardiac puncture of anesthetized mice. Samples were collected into
microfuge tubes containing 10% EDTA (approximately 55 pl per 0-3 ml blood) and mixed
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by inversion. All subsequent sample processing was standardized so as to minimize pre-
analytical variability in the RBC proteome. Blood samples were passed through cellulose
acetate (2 ml resin bed in 10 cc syringe) to remove contaminating white blood cells and
platelets (Beutler et al, 1976). Fractions containing RBCs were pooled and washed three
times with phosphate-buffered saline (PBS; 10 mmol/l NaCl, 155 mmol/l KCI, 10 mmol/l
glucose, 1 mmol/l MgCl,, 2.5 mmol/l KHPOy, pH 7-4) to remove any remaining platelets
and contaminating serum proteins. Purified RBCs were lysed hypotonically by adding 1 ml
cold lysis buffer (5 mmol/l NaHPQOy4, 1 mmol/l EDTA, pH 7-4) and vortexing. Lysates were
incubated on ice for 5 min with occasional vortexing and then centrifuged at 13-8 g, 4°C for
15 min. The haemoglobin-rich supernatant was removed by aspiration and the pellet (known
as the RBC ghost) was resuspended in 1 ml lysis buffer followed by centrifugation. This was
repeated for a total of five washes to remove residual haemoglobin. The final pellet was
resuspended in lysis buffer to an approximate total volume of 100 pl. Protein concentrations
were determined using the BioRad Protein Assay (BioRad Laboratories, Hercules CA,
USA). Samples were aliquoted and stored at —80°C.

Protein isolation from reticulocyte-enriched samples

Whole blood samples enriched for reticulocytes were generated by treating healthy
C57BL/6J mice with phenylhydrazine for 5 d (Chui et al, 1980). Nine d from the start of
injections, independent whole blood samples were collected via cardiac puncture from the
phenylhydrazine-treated mice and matched untreated controls. Reticulocyte counts were
determined via microscopic examination of methylene blue stained samples. Red blood cells
were purified from whole blood and RBC ghost protein isolated as described above.

Sample preparation for mass spectrometry analysis

Samples were first solubilized by mixing 1:1 with 0-4% RapiGest (Waters Corporation,
Milford, MA, USA) in 50 mmol/l Ammonium Bicarbonate pH 7-8 and boiling at 99°C for
approximately 2 min. Samples were then allowed to cool at room temperature for 2 min and
centrifuged for 1 min at 8-2 g. Dithiothreitol was added to 5 mmol/l followed by mixing and
incubation at 60°C for 30 min. Samples were cooled to room temperature, adjusted to 15
mmol/l lodoacetamide, incubated in the dark at room temperature for 30 min, and then
adjusted to 1 mmol/l CaCl,. Samples were proteolysed by adding trypsin (sequencing grade;
Promega, Madison, W1, USA) at a ratio of 1:20 enzyme:protein (i.e., 1 ug trypsin: 20 pg
protein) and incubating for 4 h with shaking at 37°C. Protein digests were adjusted to 100
mmol/l HCI, incubated at 37°C for 45 min, and centrifuged at 14000 rpm at 4°C for 10 min
to remove any precipitates. The samples were then stored at —20°C.

Sample analysis on linear ion trap tandem mass spectrometer

Initially, Add2-KO RBC samples were comprehensively profiled for their constituent
proteins using a Linear lon-Trap Mass Spectrometer (ThermoElectron, Waltham, MA,
USA). A chromatography column was prepared by pulling a 75 um internal dimension (ID)
fused silica capillary to a 5 pm ID tip using a Sutter Instruments P-2000 CO, laser-based
micropipette puller. The capillary was then packed with 40 cm of Jupiter Proteo C12
reverse-phase chromatography material (4 pm particle size, 90 A pore size) using an in-
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house constructed pressure bomb and compressed helium gas. The column was then placed
inline between a Surveyor high performance liquid chromatography (HPLC)/Autosampler
and the mass spectrometer. For each sample, three replicate runs were performed, loading
0-5 pg per run of protein onto the microcapillary column using a conventional binary HPLC
and autosampler. HPLC separation consisted of a gradient between Buffer A (95% water,
5% acetonitrile and 0-1% formic acid) and Buffer B (20% water, 80% acetonitrile, and 0-1%
formic acid). The HPLC gradient was held constant for 15 min at 95% A during the loading
of the sample from the autosampler to the microcapillary column. The buffer conditions
were then changed from 5% B to 35% B over 80 min, followed by a 5-min wash at 80% B.
The column was then re-equilibrated in 95% A for 20 min. As molecules were eluted from
the microcapillary column, they were electrosprayed directly into the mass spectrometer
using a distal 2:2 kV spray voltage. MS scans were acquired in profile mode, and up to 5
MS/MS scans were acquired with data-dependent acquisition per MS scan to annotate any
MS changes detected.

For label-free comparative proteomic analysis, samples were profiled on a hybrid linear ion
trap fourier-transform ion cyclotron resonance (FTICR) mass spectrometer (LTQ-FT Ultra,
ThermoElectron). The high resolution of this instrument enables it to detect larger numbers
of peptides, thus allowing for the identification of protein differences between samples
based on an increased number of peptides. Sample runs were as described above except for
the use of a Nano Acquity HPLC (Waters Corparation) prior to loading onto a 30 cm reverse
phase column. HPLC separation consisted of a gradient between Buffer A (95% water and
0-1% formic acid) and Buffer B (100% acetonitrile and 0-1% formic acid). The HPLC
gradient was held constant for 15 min at 95% A during the loading of the sample from the
autosampler to the microcapillary column. The buffer conditions were then changed from
5% B to 35% B over 140 min, followed by a 15-min wash at 80% B. The column was then
re-equilibrated in 95% A for 25 min.

Peptide and protein identification

For peptide and protein identification, fragmentation spectra acquired for replicate runs were
pooled and searched using SEQUEST against a database containing Mus musculus
sequences (IPI mouse release 3.43) and common contaminants. Data were searched using a
precursor ion mass tolerance of +3 Da with no enzyme specificity. To control the false
discovery rate, search results from a shuffled decoy database were used to assign a g-value
(Storey & Tibshirani, 2003) to each spectrum identification using the program Percolator,
which uses a semi-supervised machine learning algorithm (Kall et al, 2007). Spectra
matching to peptides with a g-value <0:01 were retained.

Label-free differential analysis

Protein differences between normal and -adducin null RBCs were detected using the label-
free differential analysis program CRAWDAD (Finney et al, 2008). Data sets for each
genotype consisted of three technical replicates for each of two biological replicates for a
total six uLC-MS runs. MS1 scans were binned on equally-spaced 1/24 m/z and 0-01 min
intervals. Runs from these analyses were truncated to include only the signal-rich retention
time regions between 35 and 115 min. uLC-MS runs were aligned and warped in the
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retention time domain to a common template run so that signals at a given m/z were
compared at an equal retention time across all runs. The replicate runs from the two
biological classes were compared at each (m/z, RT) bin using a t-test (independent variances
between groups), and a “difference region’ feature defined when the P-value of the t-test was
at or below 0-05 over at least 0-25’ (12 interpolated scans).

CRAWDAD associated MS/MS peptide identifications with difference regions in software
when an MS/MS event from any run was within the retention time window of a difference
region and within £1 m/z of the difference region m/z bin for LTQ data. For LTQ-FT data, a
more stringent mapping was done by limiting the mappings to those where the difference
region's m/z corresponds to one of isotopes M+0 through M+2 of the identified peptide.
Peptides were considered differentially expressed if mapped to a MS difference region as
described above. MS/MS associations were made at a Percolator g-value of 0-01 or less.
Differentially expressed peptides were organized into a hierarchical list grouped by proteins
and the sample in which their relative abundance increased (see Supporting information
tables for list of peptide differences). While it is likely that the measured ion current ratios
will reflect the appropriate molar ratios of the respective peptides between samples, without
validating the linear response for each analyte throughout the entire intensity range these
data should be conservatively considered semi-quantitative or simply “different” unless
demonstrated otherwise.

Immunoblotting to confirm differences revealed by mass spectrometry

Results

Samples of RBC ghosts were prepared from three mice for each genotype (wild-type [wt] or
Add2 knockout mice) using the method described above. RBC ghosts were solubilized with
Laemmli sample buffer and stored at -80°C. For the Add1 knockout and Spnas""~4) RBC
ghosts, samples were prepared as described (Robledo et al, 2010). RBC ghost proteins were
separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE),
then transferred to nitrocellulose by semi-dry electroblotting. Nitrocellulose blots were
blocked with 4% bovine serum albumin (BSA) before primary antibody was added. Blots
were incubated at 4°C overnight or longer. After washing with PBS, blots were incubated
with horseradish peroxidase conjugated to protein A (BioRad Laboratories) for one hour at
room temperature, washed again, incubated with enhanced chemiluminescent reagents, and
exposed to X-ray film. Rabbit polyclonal antibody to SLC9A1 was purchased from Santa
Cruz Biotechnology (sc28758).

RBC ghost proteome

The wild-type (wt) and Add2-KO murine RBC ghost proteomes were qualitatively profiled
on the lower resolution LTQ-ion trap utilizing using six reverse-phase MS/MS runs per
genotype. In total, 572 proteins were identified for the wt RBC ghost using SEQUEST and
postprocessing with Percolator (peptide spectrum match g-value <0-005, =1 peptide per
protein). Likewise, 710 proteins were identified for the Add2-KO RBC ghost (see
supplementary Tables SV and SVI for complete lists of proteins identified). The difference
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in proteins identified (572 in wild-type versus 710 in Add2-KO) is due in part to the
increased number of reticulocytes in the Add2-KO mouse (Gilligan et al, 1999).

Protein differences detected between wt and Add2-KO RBCs

MS data generated on the lower resolution LTQ-ion trap was initially used for label-free
comparative analysis. This data set consisted of a total of six technical replicates per
genotype (three technical replicates for each of two biological replicates). CRAWDAD
alignment of the data is demonstrated in Fig 1 (see panel A). Successful comparison depends
upon accurate chromatographic alignments of replicate runs, shown here for wt versus
Add2-KO RBC ghosts. This analysis resulted in the identification of 38 protein differences,
but the majority of the differences were based on a single peptide (data not shown). Thus, a
second set of wt and Add2-KO RBC samples were profiled on a higher resolution LTQ-ion
trap (LTQ-FT Ultra, see Materials and methods). A complete list of proteins identified in
these samples is presented in supplementary data (see Tables SVII and VIII).

Examples of peptide differences detected between wt and Add2-KO RBC ghosts by
CRAWDAD are shown in Fig 1B-G. These difference regions in the chromatograms are
shown in blue for wt and red for the Add2-KO RBC ghosts. Panel B shows a peptide from B-
adducin, missing in the knockout as expected. Panel C shows a peptide from a-adducin, the
partner for B-adducin, also expected to be missing as shown by previous immunoblots
(Gilligan et al, 1999). Panel D shows a peptide from y-adducin, which we previously
demonstrated by immunoblot to be increased in the Add2-KO RBC ghosts (Gilligan et al,
1999). Panel E shows a peptide from capping protein alpha, previously shown by
immunoblot to be increased in the Add2-KO RBCs (Porro et al, 2004). Panel F shows a
peptide from SLC9AL, the sodium hydrogen exchanger, demonstrated here for the first time
to be greatly decreased in the Add2-KO RBC ghosts. Panel G shows a peptide for
peroxiredoxin-2, shown here to be increased in Add2-KO RBC ghosts.

The higher resolution data set also consisted of a total of six technical replicates per
genotype (three technical replicates for each of two biological replicates). Importantly, the
LTQ-FT data allowed for detection of protein differences based on an increased number of
peptides. Table I shows the list of proteins that were found to be decreased in Add2-KO
RBC ghosts compared to wt with a P value of 0-05 or less, an intensity difference of two-
fold or greater, and a peptide cutoff of two or more. For each protein, the denoted intensity
difference represents an average based on the fold difference of all the peptide differences
detected by CRAWDAD. The number of peptides listed is the number of peptides for that
protein that showed an intensity difference. A complete list of peptide differences detected
by CRAWDAD is presented in supplemental Table SX.

Deficiency of SLC9A1 in Add2 KO RBC ghosts

CRAWDAD detected 7 proteins that were decreased in Add2-KO RBC ghosts (see Table I).
As expected, B-adducin is decreased the most, with an intensity difference of 79-8-fold
followed by its binding partner, a-adducin, with a nearly identical intensity difference of
78-1-fold. The third most decreased protein is the sodium/hydrogen exchanger (SLC9A1)
encoded by Slc9al. The intensity difference for this protein is 28-6-fold and based upon two
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peptides. SLC9AL is an integral membrane protein with twelve membrane-spanning
domains and the peptides that were consistently detected by mass spectrometry are derived
from the cytoplasmic tail of the protein, so it is likely that the integral membrane domains
were not accessible to proteolysis in our preparation.

Previous studies have demonstrated by immunoblot the decrease of a-adducin when f-
adducin was deleted (Gilligan et al, 1999; Muro et al, 2000). However, no studies have
examined the expression of SLC9AL in inherited haemolytic anaemia. Thus, we used
immunoblotting to examine RBC ghosts from wt and Add2-KO mice for the level of
SLC9A1 protein. A prominent band with a relative mobility of approximately 75 kDa was
detected in samples from independent wild-type mice but not in samples from Add2-KO
mice (Fig 2A, lanes 1-3 vs. 4-6). Coomassie blue staining demonstrates equal protein
loading for wt and Add2-KO RBC ghosts (Fig 2B). We also examined SLC9A1 in RBC
ghost samples from the Add1 knockout mouse (Robledo et al, 2008) and the SpnasPh-4J
(Robledo et al, 2010) mouse (spontaneous mutation of a-spectrin). SLC9A1 was detected in
a wild-type control sample but not in Add1-KO or Spnas*h-4) RBC ghosts (Fig 2C). These
RBC ghosts have been shown previously to be deficient in p-adducin (Robledo et al, 2010),
so this result is consistent with the lack of p-adducin being associated with lack of SLC9A1.

Four other proteins were decreased in Add2-KO RBC ghosts compared to wt at the cutoffs
listed above (Table I). The intensity differences were much lower than the intensity
difference for SLC9A1, and thus we have not pursued confirmation of these protein
differences by immunaoblot.

Proteins that are increased in Add2-KO RBCs

CRAWDAD detected 46 proteins that were increased in Add2-KO RBC ghosts at a P-value
of 0:05 or less, two peptides or more per protein, and an intensity difference of two-fold or
greater (see supplemental Table SI). Some of these proteins (listed in italics) were also
increased in reticulocytes (see below) and may be representative of the increased humber of
reticulocytes in Add2-KO mice compared to wt mice. Nonetheless, several of the increased
proteins have been demonstrated by immunoblot in previous studies. We demonstrated
increased y-adducin (Add3) in our initial description of the Add2 KO mice (Gilligan et al,
1999). Porro et al (2004) demonstrated increased capping protein and suggested that this
reflected compensation for the lack of adducin to cap actin filaments in the Add2 KO RBCs.
They also demonstrated increased tropomodulin. Finding the same proteins high on our list
of increased proteins confirms the reliability of this method.

Other proteins on this list with lower intensity differences, such as band 4-1, spectrin, band
7, ankyrin, p55, and band 3, have not been demonstrated to be increased by immunoblot,
suggesting that immunoblotting may not be as sensitive as mass spectrometry in detecting
differences in protein abundance. Other proteins may be contaminants from platelets or
leucocytes, such as platelet factor 4 precursor, filamin, villin, and a-actin. Proteins that may
represent physiological differences in the Add2-KO RBCs include ATPase, Ca++
transporting, plasma membrane 4, pyruvate kinase, peroxiredoxin-2, and
bisphosphoglycerate mutase.
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Protein differences detected between reticulocyte and mature RBCs

As discussed earlier, haemolytic anaemias are characterized by reticulocytosis. As expected,
we found more proteins in Add2-KO RBC ghosts compared to wt, partly due to the
increased reticulocyte count (4-3% vs. 2%). To guide the interpretation of wild-type versus
Add2-KO protein differences, we performed reticulocyte control studies using samples
generated by phenylhydrazine treatment of mice with a genetic background identical to the
Add2-KO mice (C57BL/6J). Phenylhydrazine treatment of mice is known to result in
profound reticulocytosis (Chui et al, 1980). Nine d from the start of injections, whole blood
samples were collected and found to have a reticulocyte count of 62%. Three independent
reticulocyte-enriched samples and three independent matched untreated control samples
were profiled on the higher resolution LTQ-FT. The complete list of proteins identified is
presented in Tables SVIII and SIX.

Label-free analysis identified 66 protein differences in total. Among these, 45 proteins were
increased and 21 proteins were decreased in the reticulocyte-enriched samples (Tables SlI
and SI1I). Many of the proteins increased in reticulocytes relate to known RBC
developmental processes, such as haem biosynthesis and protein synthesis. In fact, the loss
of transferrin receptor and ribosomal proteins is a hallmark difference between reticulocytes
and mature RBCs. Thus, the phenylhydrazine treatment was successful in generating a
sample enriched in reticulocyte-related proteins. While many of these proteins are normally
considered to be mitochondrial, cytoplasmic, or located in the endoplasmic reticulum, they
have been previously identified in murine reticulocyte-rich membrane ghosts analysed by
two-dimensional (2DE)-PAGE (Prenni et al, 2007). Among the proteins increased in Add2-
KO RBCs, only 11 were also found increased in reticulocytes (see Table SlI). A complete list
of peptide differences detected by CRAWDAD for the reticulocyte control studies is
presented in supplemental Table SXI.

Discussion

We have performed comprehensive protein profiling of RBC ghosts from wt and Add2-KO
mice. In addition to the expected membrane skeleton proteins and integral membrane
proteins, a surprising number of associated proteins were found. This is consistent with
published proteomic analyses of human RBC ghosts, where proteins involved in translation,
adhesion, protein repair, protein degradation, glycolysis, and cellular defense were identified
(Kakhniashvili et al, 2004; Pasini et al, 2006). Many of these proteins were classically
believed to reside in the RBC cytosol, but evidence now suggests functional interactions
with the membrane skeleton apparatus. For example, the glycolytic enzymes
phosphofructokinase, glyceraldehyde 3-phosphate dehydrogenase, pyruvate kinase, and
lactate dehydrogenase were consistently detected in our RBC ghost preparations. This
association is corroborated by immunostaining of intact RBCs in which these enzymes are
found to localize along the periphery and may result in a molecular crowding effect that
facilitates catalysis (Campanella et al, 2005). Furthermore, subsequent studies have
identified binding sites on the transmembrane protein band three for aldolase,
glyceraldehyde 3-phosphate dehydrogenase, and phosphofructokinase (Campanella et al,
2008).
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We used the label-free analysis program CRAWDAD to globally detect protein differences
between wild-type and Add2-KO RBCs. We detected seven proteins that were decreased and
48 proteins with a greater abundance in Add2-KO RBC ghosts. As haemolytic anaemias are
characterized by reticulocytosis, we performed control studies in which reticulocyte-
enriched samples from phenylhydrazine-treated mice were compared with mature RBCs
from matched untreated controls. Our label-free analysis identified 47 proteins that were
increased and 21 proteins that were decreased in the RBC ghosts from reticulocyte-enriched
samples. A recent study by Liu et al (2010) examined a selected set of RBC proteins by
immunoblot, comparing a reticulocyte-enriched sample to mature RBCs. While their
approach is limited to proteins with available antibodies, their results are largely confirmed
and expanded by our global proteomic approach.

The ATPase Ca++ transporting plasma membrane four was significantly increased. Activity
of the calcium pump has been reported to decrease steeply throughout the lifespan of the red
blood cell (Lew et al, 2003) and interactions with cytoskelatal proteins have recently been
suggested (Vanagas et al, 2007). Thus, increasing its presence may help ameliorate the loss
in life span for the fragile Add2-KO spherocyte. Alternatively, its increase may be a
consequence of altered functional interactions with the membrane skeleton. The enzymes
bisphosphoglycerate mutase, peroxiredoxin-2, and pyruvate kinase were also increased.
Bisphosphoglycerate mutase, which is found only in RBCs and placental cells (Pritlove et
al, 2006), plays a major role in regulating the oxygen affinity of haemoglobin through the
synthesis of 2,3-bisphosphoglycerate (Rose, 1980). Changes in its abundance may be an
attempt by the cell to reduce oxygen loading of haemoglobin via increased
bisphosphoglycerate mutase activity. Mice deficient in peroxiredoxin-2 have significantly
reduced haematocrits with morphologically abnormal RBCs that contain higher levels of
reactive oxygen species and highly oxidized proteins (Lee et al, 2003). Peroxiredoxin-2 has
been found in the RBC membrane fractions of hereditary spherocytosis patients but not in
controls (Rocha et al, 2008). More recently, peroxiredoxin-2 expression and net content was
shown to be increased in RBCs from mouse models of B-thalassemia that are characterized
by oxidative damage to the membrane (Matte et al, 2010). Pyruvate kinase deficiency is a
common cause of hereditary nonspherocytic anaemia and has been found to alter RBC
survival (Aizawa et al, 2005). It is thought to play an important role as an antioxidant during
RBC development (Aisaki et al, 2007). Increases in pyruvate kinase and the antioxidant
peroxiredoxin-2 may help to combat increased oxidative stress in a morphologically altered
Add2-KO RBC. Nonetheless, these changes in non-membrane skeleton proteins represent
potential compensatory mechanisms that may collectively reduce the severity of the 8-
adducin defect.

SLC9A1 was greatly decreased in Add2-KO RBCs with the highest detected intensity
difference after the - and a-adducins (28-6-fold, see Table | and Fig 1). SLC9A1 is an
ubiquitously expressed regulator of cell volume and pH (Alexander & Grinstein, 2006). Its
activity has been associated with many cellular functions, such as adhesion, migration,
proliferation, and apoptosis. SLC9A1 has 12 highly conserved transmembrane domains and
a large carboxy-terminal cytoplasmic domain that is phosphorylated by several kinases and
binds calmodulin. Targeted disruption of SLC9A1 in mice causes ataxia, growth retardation,
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and seizures (Bell et al, 1999). The deficiency of SLC9A1 in Add2-KO RBC ghosts was
confirmed by immunoblot. Two additional mouse strains that have reduced p-adducin
[Add1-KO (Robledo et al, 2008) and SpnasP"~4): an a-spectrin mutant (Robledo et al, 2010)]
also showed deficiency of SLC9A1 by immunoblot. The mechanism for deficiency of
SLC9AL1 in adducin-deficient RBC ghosts will be determined in future studies. We do not
expect this to be simply a result of membrane loss because other integral membrane proteins
were not decreased in the Add2-KO RBC ghosts. A recent report by Salomao et al (2010)
demonstrated aberrant protein sorting during erythroblast enucleation in cultured cells from
mice with haemolytic anaemia. Aberrant protein sorting may be the mechanism by which
adducin-deficient RBCs lose SLC9A1. Another possibility is that adducin has a role in
targeting SLC9AL1 to the plasma membrane during erythropoiesis and, without adducin,
SLC9A1 does not reach the plasma membrane efficiently.

This is the first example of SLC9AL deficiency in haemolytic anaemia and suggests new
mechanisms leading to fragile RBCs. Cellular pH is crucial to protein stability and function.
Without proper maintenance of pH, RBC proteins may lose their normal interactions and
ability to regulate cell shape. SLC9AL1 also plays an important role in maintaining cell
volume and adducin-deficient RBCs are smaller and dehydrated (Gilligan et al, 1999). The
mechanism for dehydration and reduced volume is likely to involve the deficiency of
SLC9AL. The deficiency of SLC9A1 in adducin-targeted mice may explain additional
phenotypic changes observed in these mice, such as abnormal learning and memory
formation in the Add2-targeted mice (Rabenstein et al, 2005) and hydrocephaly in the Add1-
targeted mice (Robledo et al, 2010). Finally, our finding of SLC9A1 deficiency in
association with adducin deficiency may provide a clue to the role of adducin
polymorphisms in hypertension in humans (Bianchi et al, 2005).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

Dgtection of red blood cell protein differences. (A) Chromatographic alignments of replicate
runs for normal and Add2-KO red blood cells. Alignments of six technical replicate uLC-
MS runs for normal (above) and Add2-KO red blood cells (below) shown in a base peak plot
(ion intensity vs. retention time). Individual replicates are shown in distinct colours for each
genotype. (B-G) Differentially expressed features revealed by chromatographic alignment.
CRAWDAD detection of difference region for beta adducin peptide
TRWLNTPNTYLRVNVADEVQR (B), alpha adducin peptide YFDRVDENNPEYLR (C),
gamma adducin peptide IELQKVLGPSCK (D), capping protein (actin filament) muscle Z-
line alpha 1 peptide EASDPQPEDVDGGLKSWR (E), SLC9A1peptide IGSDPLAYEPK
(F), and peroxiredoxin-2 peptide KEGGLGPLNIPLLADVTK (G). In B — G, aligned
replicate ULC-MS runs from the normal and Add2-KO RBC series are shown in blue and
red, respectively. Mean intensity values are shown in solid lines and + SD in dashed lines.
Difference regions for each peptide indicated with arrows.
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Fig 2.

Dgficiency of SLC9AL in p-adducin (Add2) KO, a-adducin (Add1) KO, and SpnasPh-4)
RBC ghosts. (A) RBC ghost protein samples from independent Add2-KO mice (lanes 1-3)
and wild-type mice (lanes 4-6) were probed with SLC9AL antibody as described in
methods. Wild-type ghosts have a prominent band at approximately 75 kDa, but this band is
missing in the Add2-KO ghosts. (B) Coomassie blue stained gel to demonstrate protein
loading for Add2-KO and wild-type ghosts. (C) RBC ghost samples from wild-type (lane 1),
Add1-KO (lane 2), and SpnasP™4J (lane 3) mice probed with SLCIA1 antibody. Again, the
prominent band is seen in wt ghosts, but not Add1-KO or SpnasP-4J ghosts.
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Table |

Proteins decreased in B-adducin knock-out RBC's.

* .
No- protein Intensity Difference]  'VO- Of peptides 1D
1 Adducin 2 (Beta)* 798 8  IPI00323122.1
2 Adducin 1 (Alpha)i =781 8 IP100225322.1
3 Solute carrier family 9 (sodium/hydrogen exchanger), member 1 -28:6 2 IP100380785.1
4 Ubiquitin carboxyl-terminal hydrolase 5+ -106 3 1P100113214.1
3 Epb4.9 Dematin* -87 14 1P100125328.3
6 Sodium/potassium-transporting ATPase subunit alpha-1 =30 3 IP100311682.5
7 -2:6 7 1P100755916.3

Ubiquitin C¥

Intensity difference significant at P < 0-05.
+
type than Add2 KO.

¢Intensity difference significant at P < 0-01.
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Fold difference by which the intensity in Add2 KO exceeds that in wild-type; negative values denote proteins found to be more abundant in wild-



