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Abstract

Mutations of ankyrin-1 are the most frequent cause of the inherited hemolytic anemia, hereditary 

spherocytosis (HS), in people of European ancestry. Ankyrin-1, which provides the primary 

linkage between the erythrocyte membrane skeleton and the plasma membrane, has numerous 

isoforms generated by alternative splicing, alternate polyadenylation, use of tissue-specific 

promoters, and alternate NH2 or COOH-termini. Mutation detection in erythrocyte membrane 

protein genes, including ankyrin, has been a challenge, primarily due to the large size of these 

genes, and the apparent frequent occurrence of HS-associated null alleles. Using denaturing 

high-performance liquid chromatography (DHPLC), we screened the ankyrin gene of the proband 

of a large, three generation African–American kindred with ankyrin-deficient HS. DHPLC yielded 

an abnormal chromatogram for exon 1. Examination of the corresponding exon 1 sequence in 

genomic DNA from the proband revealed heterozygosity for a mutation of the initiator methionine 

(ATG to ATA Met 1 Ile). Coupled in vitro transcription/translation studies with rabbit reticulocyte 

lysates demonstrated that the wild-type ankyrin erythroid cDNA initiates only from the known 

initiator methionine, indicating that the use of alternate initiator methionine is not a mechanism 

of isoform diversity in erythroid cells. The mutant ankyrin allele, unlike some initiator methionine 

mutations that utilize downstream codons for translation initiation, was associated with a null 

allele. This is the first report describing ankyrin-linked HS in an African–American kindred.

Introduction

Hereditary spherocytosis (HS) is a common congenital hemolytic anemia characterized by 

the presence of spherical-shaped erythrocytes on peripheral blood smear. HS affects patients 

in all ethnic groups worldwide and it is the most common inherited anemia affecting 

the people of European ancestry [1]. The primary biochemical defects in HS leading to 

membrane loss are in the proteins of the erythrocyte membrane, particularly those proteins 

*Correspondence to: Patrick G. Gallagher, Department of Pediatrics, Yale University School of Medicine, 333 Cedar Street, P. O. Box 
208064, New Haven, CT 06520-8064. patrick.gallagher@yale.edu. 

Conflict of Interest: Nothing to Report.

HHS Public Access
Author manuscript
Am J Hematol. Author manuscript; available in PMC 2024 August 07.

Published in final edited form as:
Am J Hematol. 2008 October ; 83(10): 789–794. doi:10.1002/ajh.21254.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



involved in the interactions between the membrane skeleton and the lipid bilayer, including 

ankyrin, band 3, α-spectrin, β-spectrin, and protein 4.2.

Knowledge of the primary structure of these proteins has allowed determination of the 

precise genetic defects in many cases of HS [1,2]. Analyses of these mutations will provide 

additional insights into the pathogenesis of HS, facilitate the understanding of the genetic 

bases of HS in various populations, and allow for rapid, specific DNA diagnosis, particularly 

important for transfusion-dependent patients, where transfused red cells hinder standard 

diagnostic testing, and for kindreds who have produced affected fetuses with severe anemia 

and its often fatal complications. These studies will also provide important information on 

the structure and function of these proteins both in the red cell, and in other cell types, 

where mutation of these and homologous proteins has been associated with abnormalities in 

nonerythroid cells [2].

Ankyrin deficiency is the most common biochemical abnormality observed in the 

erythrocyte membranes of HS patients [3–13]. In the erythrocyte, ankyrin provides the 

primary linkage between the spectrin-based membrane skeleton and the plasma membrane. 

Ankyrin-1, initially discovered in preparations of erythrocyte membranes, is the prototype 

of a homologous family of multifunctional proteins involved in the local segregation of 

integral membrane proteins within functional domains on the plasma membrane [2]. This 

important cellular localization of membrane proteins is provided by the relative affinities 

of the many different tissue-specific and developmentally regulated isoforms of ankyrin 

for target proteins. The composition and specialized functions of cellular membranes differ 

in erythroid and nonerythroid cells. This specialization appears to have evolved from the 

tissue-specific, developmentally regulated expression of multiple protein isoforms. Ankyrin 

isoform diversity arises from different gene products, from differential, alternative splicing 

of the same gene product, from alternate polyadenylation, from the use of tissue-specific 

promoters, and/or the use of alternate NH2 or COOH-termini [14–29]. Although numerous 

ankyrin-1 isoforms are visualized on Western blots of erythrocyte membranes [16], it is 

unknown if isoforms of ankyrin-1 are generated in erythroid cells by use of alternate 

translation initiation codons.

Mutation screening has identified a number of ankyrin gene mutations in HS individuals, 

primarily point mutations in the coding region that lead to unstable mRNA and ankyrin 

deficiency [30,31]. Detection of HS-associated ankyrin mutations has been difficult. The 

ankyrin gene is encoded by 42 exons spread over ~200 kb of genomic DNA [32]. In most 

cases, ankyrin gene mutations are not only unique to individual kindreds (private mutations) 

but are also located throughout the coding exons and promoter region of the ankyrin gene. 

Biochemical studies typically only reveal ankyrin deficiency and do not provide clues to 

where causative mutations are located. Finally, decreased ankyrin mRNA has been observed 

in up to 30% of HS-associated ankyrin gene mutations, making cDNA-based mutation 

detection strategies problematic [33].

We recently developed a denaturing high-performance liquid chromatography (DHPLC)-

based screening method for rapid and sensitive detection of HS-associated ankyrin gene 

mutations in genomic DNA [34]. DHPLC is a high-throughput, economical, and highly 
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sensitive technique based on the detection of heteroduplexes in PCR amplicons by ion-

pair reverse phase HPLC under partially denaturing conditions. Using this technique, 

we studied a large, three generation African–American kindred with typical, dominant, 

ankyrin-deficient HS, where other screening methods had failed to detect any ankyrin gene 

abnormalities, and identified a mutation in the initiator methionine, ankyrinNew Haven, the 

first of this type described in the ankyrin gene. Coupled in vitro transcription/translation 

studies with rabbit reticulocyte lysates demonstrated that wild-type ankyrin utilizes a single 

translation initiation codon, indicating that the use of alternate initiator methionine is not a 

mechanism of isoform diversity in erythroid cells. The mutant ankyrin allele, unlike some 

initiator methionine mutations that utilize downstream codons for translation initiation, was 

associated with a null allele. This is the first report describing ankyrin-linked HS in an 

African–American kindred.

Results

Patients

We studied a three-generation African–American kindred with typical, autosomal dominant 

HS. At presentation, the proband was investigated for unexplained splenomegaly, diagnosed 

while being evaluated for adenocarcinoma of the sigmoid colon. The patient had no history 

of hematologic disease. The patient’s brother had also suffered from splenomegaly and his 

sister had undergone cholecystectomy for cholelithiasis. Other than the splenomegaly, the 

only other physical finding was scleral icterus. The patient’s blood count was hemoglobin 

11.8 g/dL, hematocrit 36.9%, mean corpuscular volume 96 fL, and mean corpuscular 

hemoglobin concentration 36.6%. Reticulocyte count was 5.6%. Peripheral blood films 

showed polychromasia and spherocytosis (see Fig. 1). The total bilirubin was 5.5 mg/dL 

with an indirect fraction of 4.6 mg/dL. His erythrocytes demonstrated marked increase in 

osmotic fragility after incubation.

Further investigation revealed that numerous family members, including a sister and brother, 

as well as all three of the affected brother’s children, and one grandchild were affected with 

HS.

Qualitative and quantitative analyses of erythrocyte membrane proteins

One-dimensional SDS-PAGE analyses of erythrocyte membranes from the proband were 

qualitatively normal and no abnormal isoforms of any major membrane proteins were 

observed (data not shown). Quantitative analyses of spectrin and ankyrin content, as 

measured by the ratios of spectrin/band 3 and ankyrin/band 3, respectively, are shown in 

Table I. The erythrocyte membranes of the proband demonstrated combined ankyrin and 

spectrin deficiency at a level typical for other cases of ankyrin-linked, mild-to-moderate HS, 

~70–90%.

Mutation screening

To search for HS mutations, the ankyrin gene was initially screened by single-stranded 

conformational polymorphism (SSCP) and HA of amplified genomic DNA from the 

HS proband. No abnormal patterns were detected by SSCP or HA in the proband. 
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DHPLC identified several variant chromatogram patterns. Nucleotide sequence analyses 

of the corresponding regions identified several sequence variations (Table II). One variant 

chromatogram (Fig. 2A) corresponded to exon 1 and flanking sequences. Examination of the 

exon 1 sequence in amplified genomic DNA from the proband revealed heterozygosity for a 

mutation of the initiator methionine, ATG to ATA, Met 1 Ile (Fig. 2B).

Molecular genetic analyses

The mutation abolishes a recognition site for the enzyme SphI, GCATGC, in exon 1, 

allowing for rapid PCR-based detection in genomic DNA of family members. Genomic 

DNA corresponding to exon 1 and flanking DNA of the ankyrin gene was amplified by PCR. 

Amplification products were digested with SphI, fractionated by agarose gel electrophoresis, 

and visualized by ethidium bromide staining (see Fig. 3). Amplification products from a 

normal control yielded a 232-bp fragment which after SphI digestion cleaves into fragments 

of 155 and 77 bp. Amplification products from unaffected family members demonstrated 

patterns of SphI digestion similar to control. Digestion of amplification products from the 

proband and other affected HS family members yielded fragments of 155 and 77 bp, as 

well as an undigested fragment of 232 bp, indicating heterozygosity for the ankyrinNew Haven 

allele.

In vitro transcription/translation

Some proteins utilize alternate translation initiation codons as a mechanism of generating 

isoform diversity. Moreover, some disease-associated initiator methionine mutations lead 

to translation initiation from a downstream methionine or other amino acid, producing a 

truncated protein that retains partial or full function. To address these possibilities, in vitro 
transcription/translation studies were performed with full-length wild-type or ankyrinNew 

Haven plasmids, rabbit reticulocyte lysate, and antibodies corresponding to either the NH2-

terminus or full length erythrocyte ankyrin.

To validate the NH2-terminal anti-peptide ankyrin antibody, immunoblots using human 

erythrocyte membrane ghosts were performed. The affinity-purified NH2-terminal anti-

peptide antibody raised against NH2-terminal sequences of ankyrin-1 detected bands of 

200, 205, and 210 kDa, appropriate for erythrocyte ankyrin. A well-characterized polyclonal 

antibody raised to full length ankyrin detected comparable bands of 200, 205, and 210 kDa 

in erythrocyte ghosts [20,29], validating the anti-peptide antibody for use in immunoblotting 

ankyrin (see Fig. 4).

After transcription/translation of wild-type and ankyrinNew Haven plasmids, products 

were separated on polyacrylamide gels, transferred to Immobilon-P membranes, and 

immunoblotted with the antibodies described earlier. The wild-type plasmid yielded a 

single 210-kDa protein detected by the full-length and NH2-terminal ankyrin antibodies, 

demonstrating that the wild-type ankyrin erythroid cDNA initiates only from the known 

initiator methionine. This indicates that use of an alternate initiator methionine is not a 

mechanism of ankyrin isoform diversity in erythroid cells. The ankyrinNew Haven plasmid did 

not yield any functional protein detectable by either antibody (see Fig. 5). This indicates that 

unlike some initiator methionine mutations that utilize downstream codons for translation 
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initiation, the ankyrinNew Haven initiator methionine mutation is associated with a null 

ankyrin allele.

Discussion

Deficiency of ankyrin is the most common biochemical abnormality found in the erythrocyte 

membranes of patients with HS, often with concomitant spectrin deficiency [3–13]. 

Decreased ankyrin synthesis or accumulation on the erythrocyte membrane leads to 

decreased assembly of spectrin on the membrane because the spectrin binding sites in 

ankyrin may be decreased, absent, or defective. HS gene mutation detection has primarily 

been carried out in Europeans, where, not unexpectedly, mutations of the ankyrin gene 

are the most common abnormality detected [1,31]. These are typically point mutations 

associated with decreased or absent expression of the mutant allele, including frame shift, 

nonsense, and splicing mutations. This is the first report of an initiation codon mutation of 

the ankyrin gene associated with HS that, too, is associated with a null ankyrin allele.

HS is found worldwide, but its incidence and prevalence in non-European populations are 

not clearly established. Similarly, the genetic bases of HS in non-European populations have 

not been defined. The exceptions are Japan and Brazil, where mutation screening has been 

performed [35,36]. These studies found that ankyrin gene mutations were less common 

than in Europeans. In Japan, mutations in the protein 4.2 gene were frequently found, an 

uncommon finding in European HS patients [35].

Cases of HS in Africans and African–Americans have been described, but molecular studies 

have not been performed [37,38]. This is the first report describing ankyrin-linked HS in an 

African–American HS kindred. Study of the additional affected patients of African descent 

will shed light on the predominant etiology of HS in this population.

Utilization of alternate translation initiation codons was initially thought of as an uncommon 

biologic process, limited to yeast, plants, and lower organisms. However, there has been 

growing recognition of the use of alternate initiation codons in mammalian cells, often 

producing proteins with very different functions [39–41], as well as recognition of new 

mechanisms of translational control of protein structure and function [42,43]. Initiator 

codon mutations are uncommon, but typically they are associated with null alleles as no 

functional protein is produced [44–47]. However, in a few cases, translation of the mutant 

allele initiates from a downstream methionine or other amino acid, producing a truncated 

protein that retains partial or full function [48–50]. The in vitro transcription/translation 

experiments indicated that the wild-type ankyrin cDNA initiates only from the known 

initiator methionine and that the ankyrinNew Haven cDNA does not utilize an alternate 

translation initiation codon.

Ankyrin is of critical importance in both erythroid and nonerythroid cells. However, the 

large size of the ankyrin molecule has complicated its study at the genetic, biochemical, and 

structural levels. The identification and characterization of mutations in patients with defined 

phenotypes greatly clarifies and facilitates the focus on critical regions of ankyrin and 

permits the in vitro and in vivo testing of fundamental questions in membrane and cellular 
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biology. A DHPLC-based screening strategy identified the mutation in this ankyrin-deficient 

kindred, even when other techniques (SSCP, HA) failed.

Mutation detection in very large genes with mutations spread across the entire gene has been 

a challenge, as conventional methods for large-scale are expensive, technically demanding, 

and time-consuming. Similarly, mutation detection in the erythrocyte membrane protein 

genes associated with inherited hemolytic anemia, including alpha spectrin (53 exons), 

ankyrin (42 exons), beta spectrin (32 exons), band 3 (20 exons), and protein 4.2 (13 exons), 

has been prohibitively expensive and laborious. DHPLC offers a high-capacity low-cost 

mutation detection method that is highly sensitive, high-capacity, semiautomated, low-cost 

method using ion-pairing reverse phase chromatography (IPRPC) columns for the screening 

of gene mutations and polymorphisms [51,52]. This technique of mutation detection has 

been validated for a number of genes, including several very large genes such as dystrophin 

(79 exons) and fibrillin-1 (65 exons) [53,54]. It is anticipated that either massively parallel 

sequencing of large number of exons or whole genome sequencing techniques will evolve to 

allow rapid, DNA-based diagnosis in many genetic disorders [55–59]. Until such technology 

becomes widely accessible and affordable, DHPLC offers a viable strategy for mutation 

screening.

Methods

Erythrocyte membrane preparation and quantitation of protein content

Erythrocyte membranes were prepared from peripheral blood as previously described 

[60,61]. Membrane proteins were analyzed by electrophoresis in SDS-PAGE either with a 5–

15% polyacrylamide gradient as described by Laemmli [62] or using a 3.5% polyacrylamide 

gel as described by Fairbanks et al. [60]. To estimate spectrin/band-3 and ankyrin/band 

ratios, SDS polyacrylamide slab gels were scanned after Coomassie blue staining using a 

DU8 spectrophotometer (Beckman Instruments, Fullerton, CA) at 550 nm.

Mutation detection

Genomic DNA from the proband was amplified by PCR using pairs of primers flanking the 

42 coding exons and promoter region of the ankyrin-1 gene. Amplification products were 

subjected to SSCP according to Eber et al. [30]. The same PCR amplification products were 

also subjected to HA in mutation detection enhancement gels (MDE, Cambrex Bioproducts) 

as described [63].

DHPLC was performed on a WAVE DNA fragment analysis system (Transgenomic, 

Omaha, Nebraska) as described. Primer pairs were designed using Primer 3 and 

WAVEmaker software version 4.1.40 (Transgenomic) to optimize the conditions for both 

PCR amplification and DHPLC separation. Primers were typically ~40 nucleotides away 

from the intron-exon boundary to facilitate the detection of splice junction mutations. 

PCR amplification products were analyzed by ethidium bromide staining agarose gel 

electrophoresis to ensure robust amplification. Patient and wild-type amplification products 

were mixed in a 1:1 ratio before DHPLC analysis. Each sample was subjected to 

denaturation (5 min at 94°C) followed by reannealing, with the sample temperature 
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gradually decreased from 94°C to the desired temperature. Amplification products were 

separated on a DNASep column (Transgenomics) by ion-pair reversed-phase liquid 

chromatography through a 2% linear acetonitrile gradient under partially denaturing 

conditions at the desired temperature. Temperatures for DHPLC were determined by melting 

domain profile analysis of each amplicon to produce a ≥90% double helical fraction of 

wild-type DNA. When two or more distinct melting domains were predicted, DHPLC 

analysis was performed at two or more different temperatures. DHPLC chromatograms were 

compared with wild-type for analysis.

SSCP, HA, or DHPLC was repeated on samples with abnormal patterns (SSCP, HA) or 

chromatograms (DHPLC) on initial screening. Genomic DNA fragments demonstrating a 

consistently abnormal pattern were amplified in a second PCR reaction, subcloned and 

subjected to nucleotide sequence analysis, or directly sequenced.

Molecular genetic analyses

The mutant ankyrinNew Haven allele creates an SphI recognition site, GCATGC, allowing 

discrimination of wild-type and mutant alleles by SphI restriction enzyme digestion. 

Primers flanking the mutation, 5′-CCCGGCCCGACAGCAAGCGCCTCTG-3′ (sense) and 

5′-GTGGCCCCCTCCTGACATCTCCCCG-3′ (antisense) were used to amplify genomic 

DNA from the proband, his family members, and a control. Amplification products were 

digested with SphI, fractionated by electrophoresis in a 3% agarose gel, and visualized by 

ethidium bromide staining.

In vitro transcription/translation assays

Plasmids.—The coding region of the human ankyrin-1 cDNA was cloned into pGEM7 

(Promega). The initiator methionine mutation was introduced using PCR mutagenesis 

followed by DpnI digestion, religation, and plasmid isolation. The nucleotide sequence of 

both plasmids was verified by DNA sequencing.

Antibodies.—Polyclonal antibodies raised to full length 2.1 erythrocyte ankyrin [20,29] 

or a peptide representing the NH2-terminus of the ankyrin protein were utilized. 

This anti-peptide antibody was produced by immunizing the rabbits with the peptide 

MPYSVGFREANAA, conjugated to keyhole limpet hemocyanin. This peptide corresponds 

to codons 1–13 and is located at the NH2-terminal of the second methionine in ankyrin at 

codon 60.

In vitro transcription/translation.—The rabbit reticulocyte coupled transcription/

translation system (TNT, Promega) was utilized for expression of ankyrin proteins in 
vitro. TnT reactions containing the pGEM7 ankyrin cDNA plasmid constructs, T7 RNA 

polymerase, rabbit reticulocyte lysate, and [35S]methionine were carried out at 30°C for 

90 min as described by the manufacturer. Approximately 1 μg of plasmid DNA and 3 μL 

[35S]methionine were used in 50 μL assays.

Western blotting.—From the reaction mixture, 5 μL aliquots were added to Laemmli 

sample buffer. Reaction mixture and human ghost proteins were analyzed using 4–20% 
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gradient minigels and transferred to Immobilon-P membranes overnight at 30 V. Membranes 

were incubated with either the full length or NH2-terminal ankyrin antibodies for 1 

hr at 21°C. After washing, membranes were incubated with anti-rabbit IgG horseradish 

peroxidase secondary antibody for 30 min at 21°C. Detection of bands was achieved using 

Western Lightning chemiluminescence reagent (Perkin Elmer LAS, Boston, MA).

Contract grant numbers:

NICHD T32 HD07094 to JS, NIDDK RO1DK19482 to BGF, and NIDDK RO1DK62039 to PGG.
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Figure 1. 
Peripheral blood smear. Wright-Giemsa stained peripheral blood smear from the proband 

reveals polychromasia and spherocytosis.
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Figure 2. 
Detection of the ankyrinNew Haven mutation. A: Chromatograms corresponding to exon 1 

of the ankyrin gene. Compared to wild-type (black), the proband (gray) exhibits a variant 

chromatogram. B: Partial nucleotide sequence of exon 1 of the ankyrin gene from a PCR-

amplified, subcloned fragment from the spherocytosis proband. The wild-type sequence 

ATG encoding codon 1 is mutated to ATA, changing the initiator methionine to isoleucine.
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Figure 3. 
Analysis of the ankyrinNew Haven mutation in a three generation, African–American kindred. 

A: The ankyrinNew Haven mutation abolishes a SphI restriction site, allowing discrimination 

of wild-type and mutant alleles. B: The region of the ankyrin gene containing the ankyrinNew 

Haven mutation was amplified by PCR from genomic DNA of the proband, his family 

members, and a normal control (C), amplification products digested with SphI, fractionated 

by agarose gel electrophoresis, and visualized by ethidium bromide staining. The control 

PCR product yields a 232 bp fragment (Lane 1) which after SphI digestion cleaves into 

fragments of 155 and 77 bp (Lane 2). Amplification products from unaffected patients 

demonstrate patterns of SphI digestion similar to control. Digestion of amplification 

products from spherocytosis patients yields fragments of 155 and 77 bp, as well as an 

Sangerman et al. Page 14

Am J Hematol. Author manuscript; available in PMC 2024 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



undigested fragment of 232 bp, indicating heterozygosity for the ankyrinNew Haven allele. 

Half-filled symbols indicate hereditary spherocytosis individuals. M indicates marker.
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Figure 4. 
Immunoblotting with ankyrin-1 specific antibodies. Human erythrocyte membrane ghosts 

were separated by SDS-PAGE in a 4–20% gel. The gel was cut and part transferred to an 

Immobilon-P. A: Incubation of a strip of this membrane to a polyclonal antibody raised 

to full length erythrocyte ankyrin detected bands of 200, 205, and 210 kDa in erythrocyte 

membranes. B: Incubation of a separate strip of this membrane with an anti-peptide antibody 

raised to ankyrin sequences corresponding to codons 1–13 identified bands of 200, 205, and 

210 kDa in erythrocyte membranes. C: Strip of the same gel stained with Coomassie Blue.
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Figure 5. 
Immunoblotting of in vitro transcription/translation products using ankyrin antibodies. 

Products of in vitro transcription/translation experiments were analyzed by SDS-PAGE 

on 4–20% gels and transferred to Immobilon-P membranes. A: Incubation of a strip of 

this membrane containing products of wild-type plasmids with a NH2-terminal ankyrin 

antibody recognized a band of ~210 kDa. B: Incubation of a strip of immobilon-P membrane 

containing products of AnkyrinNew Haven plasmids with a NH2-terminal ankyrin antibody 

did not recognize any bands. C: Incubation of a strip of Immobilon-P membrane containing 

products of wild-type plasmids with a full length ankyrin antibody recognized a band of 

~210 kDa. D: Incubation of a strip of Immobilon-P membrane containing products of 

AnkyrinNew Haven plasmids with full length ankyrin antibody did not recognize any bands.
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TABLE I.

Biochemical Studies

Spectrin/band 3 ratio Ankyrin/band 3 ratio

Proband 0.78 ± 0.08 0.14 ± 0.01

Controla 1.0 ± 0.10 0.20 ± 0.04

a
Control values are mean ± 2 SD.

Am J Hematol. Author manuscript; available in PMC 2024 August 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sangerman et al. Page 19

TABLE II.

Ankyrin Gene Variants Detected by Denaturing High-Performance Liquid Chromatography and Nucleotide 

Sequencing

Location Variant Name

Exon 1 5′UTR + 115 G insertion

Exon 1 Codon 1 ATG-ATA AnkyrinNew Haven

Intron 25 T-G 50 bp before exon 26

Intron 26 C-T 46 bp after end exon 26
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