
Tandem MS/MS analysis of band 3
protein from young and old erythrocytes

Item Type text; Dissertation-Reproduction (electronic)

Authors Adams, Charlotte Lynne, 1971-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:47:54

Link to Item http://hdl.handle.net/10150/282574

http://hdl.handle.net/10150/282574


INFORMATION TO USERS 

This manuscript has been reproduced from the microfihn master. UMI 

films the text directly fi'om the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter fece, while others may be 

fi-om any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, b^iiming at the upper left-hand comer and 

continuing from left to right m equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in reduced 

form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order. 

UMI 
A Bell & Howell Infonnadon Company 

300 North Zeeb Road, Ann Aibor MI 4S106-I346 USA 
313/761-4700 800/521-0600 





TANDEM MS/MS ANALYSIS OF BAND 3 PROTEIN 

FROM YOUNG AND OLD ERYTHROCYTES 

by 

Charlotte Lynne Adams 

Copyright ® Charlotte Lynne Adams 1997 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF MICROBIOLOGY AND IMMUNOLOGY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9 9 7  



DMI Number: 9817351 

Copyright 1997 by 
Adeuas, Charlotte Lynne 

All rights reserved. 

UMI Microform 9817351 
Copyright 1998, by UMI Company. All rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



THE UNIVERSITY OF ARIZONA & 

GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Charlotte Lvnne Adams 

entitled Tandem MS/MS Analysis of Band 3 Protein from Young and Old 

Erythrocytes 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Marchalorig, Ph.D. 

Harris Bernstein, Ph.D. 

(f-V-
Caroj? Barnes, Eh.D. 

/ J C  
>amuel Schluter, Ph.D. 

12 / i o ; 9 7  
Date , 

\-i- T7 
Date/ ' 

(0 / 
Da?e 1 

' X. 
Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 

the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 

direction and recommend that it be accepted as fulfilling the dissertation 

requirement. 

( 2 - 1 [ c ]  1 9  y  
Diss^tation Director Date 

John~Marchalonis, Ph.D. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgement of the source is made. Requests for permission 
for extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the copyright holder. 

SIGNED: c . 



4 

ACKNOWLEDGEMENTS 

Mass spectral analysis was done in collaboration with Dr. Tom McClure and Dr. 
Dan Liebler in the Analytical Core Facility for the Center for Toxicology and the Arizona 
Cancer Center at the University of Arizona, and with Dr. Kristine Swiderek and Tony 
Moreno at the Beckman Research Institute, City of Hope in Duarte, California. 



TABLE OF CONTENTS 

LIST OF FIGURES 8 

LIST OF TABLES 10 

ABSTRACT 11 

CHAPTER 1. INTRODUCTION 13 
1.1 Literamre Review 13 

Preamble 13 
The erythrocyte as a models system for aging 13 
The role of senescent cell antigen and autologous IgG in 
senescent red cell recognition and removal 14 
Band 3 as a fimctional protein 15 
Band 3 during aging 16 
Immunological and molecular mapping of the antigenic site 17 
Aging-associated post-translational modifications 18 
Analysis of post-translational modifications by tandem MS/MS 25 

1.2 Hypotheses and Specific Aims 29 
Hypotheses 29 
Specific Aims 29 

CHAPTER 2. PURIFICATION OF BAND 3 FROM FRESH AND STORED 
ERYTHROCYTES 31 

2.1 Materials and Methods 31 
Isolation and storage of red cells 31 
Lysis of red cells 32 
Stripping of peripheral membrane proteins 32 
Solubilization of integral membrane proteins 33 
Aminoethyl-sepharose chromatography 33 
/7-CMB-sepharose chromatography 35 

2.2 Results 36 
FRI chromatography 36 
Re-extraction of membranes with 0.1 M NaOH 38 
FR2 chromatography 40 
Elution of proteins bound to the aminoethyl-sepharose column 
With l.OMNaCl 40 
STl chromatography 42 
ST2 and ST3 band 3 purification 46 



6 

TABLE OF CONTENTS - continued 

CHAPTER 3. TRYPTIC DIGEST OF PURIFIED BAND 3 FROM FRESH 
AND STORED ERYTHROCYTES AND ANALYSIS BY HPLC 47 

3.1 Materials and Methods 47 
Tryptic digest of purified band 3 47 
HPLC conditions 48 

3.2 Results 50 
Peptide solubility 50 
Manipulation of gradient conditions for optimal separation 52 
Fidelity of peptide peaks 52 
Comparison of HPLC chromatograms among samples 55 

CHAPTER 4. CHARACTERIZATION OF BAND 3 TRYTPIC PEPTIDES 
FROM FRESH AND STORED ERYTHROCYTES BY LC/MS, DIRECT 
MS, AND MS/MS 59 

4.1 Materials and Methods 59 
Software for digest predictions and MS analysis 59 
LC/MS analysis of band 3 tryptic digests 60 
Alkylation, redigestion, and peptide separation 60 
Direct MS and MS/MS analysis of collected peaks 62 

4.2 Results 63 
LC/MS of band 3 tryptic digests 63 
Search for antigenic peptides 70 
Alkylation and redigestion of band 3 digests 75 
Peptide separation, peak collection, and direct MS analysis 
ofSTl • 78 
Peptide separation, peak collection, and direct MS analysis of FR 85 
Peptide separation, peak collection, and direct MS analysis 
ofST2 89 
MS/MS analysis of peptides 93 
Identification of peptides of interest 100 

CHAPTER 5. CHARACTERIZATION OF BAND 3 TRYPTIC PEPTIDES 
FROM IN VIVO AGED YOUNG AND OLD ERYTHROCYTES 
BY LC/MS/MS 101 

5.1 Materials and Methods 101 
Isolation of young and old red cells 101 
Membrane preparation 102 
SDS-PAGE isolation of band 3 102 
Trypsin in-gel digestion 103 
LC/MS/MS analysis 104 



TABLE OF CONTENTS - continued 

5.2 Results 106 
Automated sequence information 106 
Manual sequence information 113 
Total sequence information 117 
Characterization of peptides T41, T46, T63-64, and T65 122 
Oxidation of methionines 134 
Detection of partial alterations 137 
Unidentified masses for old erythrocyte band 3 138 

CHAPTER 6. DISCUSSION 141 

APPENDIX A. HPLC SOL VENTS 151 

APPENDIX B. BCA PROTEIN ASSAY PROTOCOL 152 

APPENDIX C. POLYACRYLAMIDE GEL ELECTROPHORESIS 153 

APPENDIX D. COOMASSIE G-250 STAINING PROTOCOL 156 

APPENDIX E. SILVER STAIN PROTOCOL 157 

APPENDIX F. SYNTHESIS OF AMINOETHYL-SEPHAROSE 4B 158 

APPENDIX G. SYNTHESIS OF p-CMB-SEPHAROSE 4B 159 

REFERENCES 160 



8 

LIST OF FIGURES 

Figure 2.1 p-CMB-sepharose chromatography of the FRl 50 mM phosphate 
AES fraction 37 

Figure 2.2 Detailed SDS-PAGE analysis of FRI chromatography 37 
Figure 2.3 SDS-PAGE analysis of membrane stripping procedures 39 
Figure 2.4 Elution of FR band 3 from the aminoethyl-sepharose column with 

l.OMNaCl 41 
Figure 2.5 Further purification and concentration of FR band 3 by p-CMB 

chromatography 41 
Figure 2.6 Aminoethyl-sepharose chromatography of STl band 3 43 
Figure 2.7 Further purification and concentration of STl band 3 by p-CMB-

sepharose chromatography 44 
Figure 2.8 Detailed SDS-PAGE analysis of STl band 3 purification 45 
Figure 3.1 HPLC separation of STl band 3 tryptic peptides using three 

different gradient parameters 51 
Figure 3.2 Reinjection of collected peaks 54 
Figure 3.3 Comparison of HPLC separations for tryptic digests of band 3 

purified from stored erythrocytes 57 
Figure 3.4 Comparison of HPLC separations for tryptic digests of band 3 

purified from fresh erythrocytes 58 
Figure 4.1 LC/MS analysis of ST2 band 3 tryptic peptides 64 
Figure 4.2 Averaged mass spectra for ST2 LC/MS scans 688>699 67 
Figure 4.3 Averaged mass spectra for ST2 LC/MS scans 831 >845 67 
Figure 4.4 Averaged mass spectra for ST2 LC/MS scans 961 >967 68 
Figure 4.5 Averaged mass spectra for ST2 LC/MS scans 972>979 68 
Figure 4.6 Averaged mass spectra for ST2 LC/MS scans 1209>1230 69 
Figure 4.7 Averaged mass spectra for ST2 LC/MS scans 1385>1412 69 
Figure 4.8 LC/MS analysis of FR band 3 tryptic peptides 71 
Figure 4.9 MS/MS analysis of FR2 fraction 12 73 
Figure 4.10 MS/MS analysis of FR2 fraction 20 74 
Figure 4.11 SDS-PAGE analysis of band 3 tryptic peptides before and after 

alkylation 77 
Figure 4.12 HPLC separation of STl band 3 peptides following alkylation and 

redigestion 79 
Figure 4.13 HPLC separation of the trypsin control following alkylation and 

redigestion 80 
Figure 4.14 Peptide map of STl band 3 tryptic digest 84 
Figure 4.15 Peptide map of FTR band 3 tryptic digest 88 
Figure 4.16 Peptide map of ST2 band 3 tryptic digest 92 
Figure 4.17 MS and MS/MS analysis of band 3 tryptic peptide T50 94 
Figure 4.18 MS and MS/MS analysis of the 746.2 ion 96 



9 

LIST OF FIGURES - continued 

Figure 4.19 MS and MS/MS analysis of the 536.6 ion 99 
Figure 5.1 Amino acid sequence of band 3 121 
Figure 5.2 LC/MS analysis of band 3 tryptic peptide T63-64 from young and old 

erythrocytes 123 
Figure 5.3 MS/MS analysis of the band 3 peptide T63-64 125 
Figure 5.4 MS/MS analysis of the band 3 peptide T65 127 
Figure 5.5 LC/MS analysis of band 3 tryptic peptide T46 from young and old 

erythrocytes 129 
Figure 5.6 LC/MS analysis of band 3 tryptic peptide T41 from young and old 

erythrocytes 131 
Figure 5.7 MS/MS analysis of the band 3 peptide T41 133 
Figure 5.8 MS/MS spectra for oxidized peptide T23 136 
Figure 5.9 MS/MS spectra for the unidentified 730.9 signal 140 
Figure 5.10 MS/MS spectra for the unidentified 1379.4 signal 140 



10 

LIST OF TABLES 

Table 4.1 MS and MS/MS analysis of STl band 3 tryptic peptides 83 
Table 4.2 MS analysis of FR band 3 tryptic peptides 86 
Table 4.3 MS and MS/MS analysis of ST2 band 3 tryptic peptides 91 
Table 4.4 Predicted daughter ions for CID of T63 and TIB 97 
Table 5.1 TSQ LC/MS/MS analysis of young erythrocyte band 3 tryptic 

peptides 107 
Table 5.2 Ion Trap LC/MS/MS analysis of young erythrocyte band 3 tryptic 

peptides 109 
Table 5.3 TSQ LC/MS/MS analysis of old erythrocyte band 3 tryptic peptides 110 
Table 5.4 Ion Trap LC/MS/MS analysis old erythrocyte band 3 tryptic peptides Ill 
Table 5.5 Mass signals identified by TSQ LC/MS of old erythrocyte band 3 115 
Table 5.6 Summary of band 3 tryptic peptides characterized 120 



II  

ABSTRACT 

Every day, billions of senescent human erythrocytes are removed from the 

circulation. The mechanism of recognition involves the formation of a neo-antigen on 

senescent cells, which binds autologous immunoglobulin and targets the senescent cell 

for phagocytosis. This neo-antigen is derived from an existing integral membrane 

protein, band 3. The molecular mechanisms underlying the formation of this neo-antigen 

during the aging process are poorly understood, but oxidative damage is suggested to be a 

critical event. Several post-translational modifications have been associated with aging 

that may contribute to altered antigenicity of the band 3 molecule, either directly by 

forming a covalent modification that contributes to the neo-antigen epitope or indirectly 

by altering the conformation of the protein, exposing hidden epitopes. 

Tandem mass spectral analysis was performed on tryptic digests of the band 3 

protein from young and old erythrocytes. Six oxidations of methionyl residues were 

detected, one of which lies adjacent to a region of band 3 proposed to form an epitope of 

the neo-antigen and one of which lies between proposed antigenic regions. Studies of 

vitamin E deficiency and supplementation sfrongly support oxidation as a pivotal event in 

alteration of band 3 with aging, and the oxidized methionines identified in this study may 

represent the critical sites of damage. A possible deamidation was also identified in an 

antigenic region of band 3. Deamidation is suggested to serve as a molecular timeclock 

for proteins, and conversion of a glutamine to a glutamic acid may alter the antigenicity 

at this critical region of band 3. 
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This work represents the first application of tandem MS/MS methodologies to a 

large integral membrane protein. Forty-four of the 75 band 3 tryptic peptides were 

characterized, covering 61% of the band 3 polypeptide. Many of the tryptic peptides did 

not meet criteria for proper peptide analysis. Of Ae remaining peptides, 95.3% of the 

band 3 molecule was characterized, with 55% sequenced by MS/MS. Since only partial 

sequence information is expected for this type of analysis, these percentages represent a 

tremendously successful application of the technique. 



CHAPTER 1 

INTRODUCTION 

1.1 Literature Review 

Preamble 

Tremendous interest in the mechanism of cellular aging prevails. From facial 

creams to antioxidant dietary supplements, our society is very concerned about the 

mechanisms of aging and how to curtail them. What are the mechanisms by which cells 

and tissues age? Every day, billions of senescent cells are turned over and replaced by 

newly dividing ones, and the homeostatic processes regulating this phenomenon are only 

beginning to be understood. In the last 20 years, a good deal of evidence has uncovered 

the mechanisms by which an aging antigen appears on senescent cells and targets them 

for recognition and removal by macrophages. The purpose of this study is to fiirther 

investigate the molecular mechanisms by which this aging antigen is formed. 

The erythrocyte as a model system for aging 

The human red blood cell serves as an excellent model for the study of cellular 

aging. The erythrocyte has a finite life span of 120 days; approximately 360 billion 

senescent red cells are removed daily in humans. Large quantities of red cells are easily 

isolated from whole blood and can be separated into young, middle aged and old 

populations by density centrifugation (I). Furthermore, erythrocytes lack a nucleus and 
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internal organelles. Altered proteins thus are not removed from the cell nor replaced by 

newly synthesized ones. 

The role of senescent cell antigen and autologous IgG in senescent red cell 

recognition and removal 

Old or damaged red cells are removed from e circulation by phagocytic 

macrophages, which also recognize and remove foreign cells. Macrophages of the 

reticuloendothelial system specifically distinguish senescent self from mature self As 

erythrocytes age, the appearance of a neoantigen on the surface of the red cell initiates the 

binding of autologous IgG molecules (2). Macrophages express a receptor for the Fc 

portion of the IgG molecule. Binding of IgG to the surface of a senescent cell thus 

targets that cell for phagocytosis. Old erythrocytes have more IgG bound to their surface 

in vivo than do young or middle aged cells and are more readily phagocytosed in vitro. 

Approximately 100 molecules of IgG are bound per senescent red cell as compared to 5 

and 7 molecules for young and middle aged cells, respectively (3). 

This aging antigen, discovered in 1975 (2), was designated senescent cell antigen 

(SCA). Although originally described for human erythrocytes, this mechanism for 

autoantibody-mediated removal of senescent cells has since been described for other 

species (4), and the presence of senescent cell antigen has been confirmed on somatic 

cells and tissues as well (5). It was later discovered that senescent cell antigen is 

immunologically related to an integral membrane protein of the red cell, band 3 protein 

(6), and in fact is a degradation product of it (7). 



Purification of senescent cell antigen by affinity chromatography with IgG eluted 

from senescent cells indicated that the antigen has an apparent MW of 62 kD, migrating 

in the band 4.5 region on SDS-PAGE gels (5). It is apparently glycosylated (5). Given 

that mature RBC's cannot synthesize new proteins, SCA must be a derivative of an 

ab-eady existing membrane protein. Rabbit antisera to senescent cell antigen reacts with 

band 3 and band 3 degradation products on Western blots, and absorbtion of IgG eluted 

from senescent red cells with purified band 3 inhibits the phagocytosis induction assay as 

does purified senescent cell antigen (6). Other membrane proteins do not inhibit 

phagocytosis nor are they recognized by SCA antisera. 

Band 3 as a functional protein 

Band 3 is an important structural and transport protein of the red blood cell. 

Approximately 50% of the erythrocyte's integral membrane protein is band 3 (8). It is a 

911 amino acid glycoprotein with an apparent molecular weight of 90 kilodaltons (actual 

mass is 102 kilodaltons) (9). Band 3 consists of two functionally dissimilar domains: a 

hydrophilic 43 kD amino-terminal cytoplasmic domain which associates with 

cytoskeletal and cytosolic proteins, and a hydrophobic integral membrane domain of 

approximately 60 kD (apparent MW of 52 kD) that spans the lipid bilayer 14-18 times, 

mediates anion transport, and contains the single glycosylation site at Asn-642 in the 

fourth extracytosolic loop (10). Its critical role in respiration of exchanging carbon 

dioxide in the form of bicarbonate for chloride ions makes it the most heavily used anion 

transport system in vertebrates. Band 3 stabilizes and anchors the plasma membrane to 
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the internal cytoskeleton via binding to band 2.1 (ankyrin). Band 3 also provides binding 

sites for glycolytic enzymes and maintains acid-base balance through the transport of 

negative ions. Band 3-like proteins have been characterized on many other cell types 

including hepatocytes, lymphocytes, fibroblasts, and neurons (11,12). It is present in 

nuclear (11), golgi (13), and mitochondrial membranes (14) as well as cell membranes. 

Band 3 during aging 

The initial structural changes that occur with band 3 during aging which lead to 

the generation of senescent cell antigen have not yet been characterized. Antibody 980. a 

rabbit antibody raised against aged band 3, binds to intact band 3 on immunoblots or 

membranes prepared from old but not young or middle aged erythrocytes (15). This 

suggests a covalent modification of the protein occurs prior to its breakdown rather than 

simply an alteration in tertiary structure, as band 3 is denatured by the SDS-

polyacrylamide gel electrophoresis procedure of the immunoblot analysis. 

Band 3 degradation products increase with cell age as antibodies to band 3 recognize two 

lower molecular weight poiypepiides of apparent molecular weights of 62 kD and 40 kD 

in the membranes of old but not young RBC's (7). 

Certain well defined changes in erythrocyte band 3 structure and fimction do 

occur with aging. Increased breakdown products of band 3 are detected as lower 

molecular weight bands on immunoblots of old erythrocyte membranes using anti-band 3 

antibodies. An age-related decrease in anion transport efficiency is detected by a sulfate-

exchange assay manifested as decreased Vmax but increased Km. Total glyceraldehyde 



3-phosphate dehydrogenase activity is decreased with an increase in membrane bound 

activity. Autologous IgG bound to the membrane surface, detected by protein A assay, is 

increased. These changes provide a biochemical profile of a senescent cell and serves as 

a "red cell aging panel" (3). 

Erythrocytes stored for 3-4 weeks show the same structural and functional 

changes observed during aging in vivo as determined by this panel (3). Chemical 

treatments that induce free radical damage or raise intracellular calcium levels, although 

they lead to increase breakdown of band 3, do not result in increased binding of 

autologous IgG. Oxidation does, however, appear to be a critical event in the generation 

of senescent cell antigen as erythrocytes of all ages from vitamin E deficient rats have 

profiles representative of senescent cells from normal rats, including increased 

breakdown products of band 3, increased autologous IgG binding, decreased anion 

transport, altered glyceraldehyde 3-phosphate dehydrogenase activity, and increased 

susceptibility to phagocytosis (16). 

Immunological and molecular mapping of the antigenic site 

Although structural and functional changes in band 3 with aging have been well 

documented by biochemical and immunological assays, the exact molecular nature and 

site of the underlying changes have yet to be defined. Two dimensional mapping studies 

of proteolytic fragments of band 3 and SCA suggest that the antigenic determinants of 

SCA recognized by autologous IgG reside externally on the transmembrane fragment of 

band 3 and that critical age-related cleavage within the anion transport region of band 3 
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leads to the loss of the 40 kD cytoplasmic fragment and the generation of SCA (7). 

Conipetetive inhibition of autologous IgG binding to senescent red cells is greatly 

inhibited by synthetic band 3 peptides corresponding to amino acids 538-554 (anion I) 

and 812-827 (COOH) and that this inhibition is dramatically synergistic (17). 

Subsequent mapping studies confirmed these results but extended the antigenic region to 

amino acid 830 (for the 812-827 peptide) and also suggested that residues 593-601 may 

also contribute to senescent cell IgG binding (18). 

Aging-associated post-transiationai modifications 

Accumulation of abnomial forms of band 3 with aging is evidenced by a decrease 

in anion transport (Vmax) despite an increase in high affinity binding sites (Km). 

Accumulation of abnormal proteins is a common phenomenon in aging attributable to a 

variety of age-related mechanisms (for reviews see 19-21). Covalent modifications of 

amino acid side chains by mixed function oxidation systems, spontaneous deamidation of 

glutaminyl and asparaginyl residues, oxidation of sulfhydryl groups, nonenzymic 

glycation of free amino groups, racemization and isomerization of aspartyl and 

asparaginyl residues, and spontaneous changes in protein conformation unlinked to 

covalent changes in amino acid composition have been associated with the accumulation 

of abnormal proteins with aging. In nucleated cells, accumulation of abnormal forms is 

in part attributable to a well documented decrease in the rate of protein turnover with 

aging. Erythrocytes, however, lack internal organelles and thus do not tumover aged 



19 

proteins and replace them with newly synthesized ones. Thus these age-related insults 

would be expected to accumulate over the 120 day lifespan of the red cell. 

By definition, a post-translational modification (ptm) is a structural change that 

occurs in the protein after its synthesis on the ribosome. Over 150 covalent modifications 

have been identified (22), but only a few of these are commonly associated with aging. 

These include glycation, oxidation, phosphorylation, methylation, deamidation, 

racemization, isomerization, and carbamylation (19-21). Some of these modifications are 

enzymatic while others are spontaneous. Only some of these modifications directly alter 

the primary structure of the protein, but all of the above can affect the secondary and 

tertiary conformational dynamics of the protein, and thus its antigenicity and 

susceptibility to proteolysis. 

Mixed function oxidation (MFO) reactions, also called metal catalyzed oxidation 

(MCO) reactions, are responsible for the inactivation of a large number of enzymes (21). 

Some amino acid residues, particularly proline, arginine, lysine, and histidine can be 

oxidized to their carbonyl derivatives by the combined action of H202 and Fe2+ (23). 

This reaction is viewed as a caged process in which the reactive oxygen is not released 

but preferentially reacts with functional groups at the active catalytic, metal binding site 

of the enzyme. Oxidation by MFO systems can lead to the conversion of histidyl 

residues to aspartyl or asparaginyl residues, and of prolyl and arginyl to glutamyl and 

glutamyl semialdehyde. Formation of methionine sulfoxide and crosslinking of tyrosine 

and cysteine residues also occurs as the result of MFO reactions (23). The level of 

oxidized proteins increase with aging and the carbonyl content of proteins has been used 



20 

as an estimate of protein oxidation during aging. In the aged erythrocyte, the carbonyl 

content is increased in the cytosolic fraction (24). Although oxidations by MCO systems 

provide direct structural alterations, which can lead to protein aggregation, fragmentation 

and denaturation, distortion of the secondary and tertiary structure of the protein, and 

increased proteolytic susceptibility (20), the restriction of these reactions to active metal 

centers renders band 3 an unlikely target. 

The erythrocyte's function as an oxygen carrier renders red cell proteins 

particularly vulnerable to potential damage by oxygen radicals. The methionine 

sulfoxide (MetSO) content of membrane proteins is increased in aged erythrocytes. A 

decreased availability of thiol groups is observed for band 3, spectrin, band 4.1, and actin 

with aging, which may be due to the presence of methionine sulfoxides or structural 

constraints (25). Thiol oxidation is proposed to lead to decreased stability and increased 

metabolism of membrane proteins. Formation of methionine sulfoxides on band 3 may 

be a critical insult associated with normal aging of the erythrocyte and with vitamin E 

deficiency (16). Vitamin E protects band 3 from characteristic age-related changes such 

as increased antibody binding and decreased anion transport (26), ftirther supporting 

oxidative damage as an early mechanism in band 3 aging. 

Phosphorylation of proteins on free hydroxyls of serine, threonine, and tyrosine is 

one of the most characterized postsynthetic modifications. Phosphorylation and 

dephosphorylation by specific kinases and phosphatases, respectively, is tightly regulated 

and requires specific signal sequences surrounding the target residue for recognition by 

the enzymes. The complex coordinated activities of a variety of kinases and 



phosphatases regulate many physiological processes including signal transduction, 

development, growth, and differentiation (20). Age-related alterations in the 

phosphorylation state of cell cycle proteins have been reported, and a decline in serine-

/threonine- and tyrosine-specific protein kinase signals after activation occurs in T 

lymphocytes of aging mice (27). Phosphorylation acceptor sites have been previously 

characterized for band 3 in vitro. Tyrosines 8, 359, and 904 were the predominantly 

phosphorylated residues (28). Tyrosines 21 and 46, serines 29 and 50, and threonines 39. 

42, 44, 48, 49, and 54 could also be phosphorylated to a lesser extent (29). 

Phosphorylation on tyrosine 8 regulates the binding of glycolytic enzymes (30). Addition 

of the acidic phosphate group at residue 904, which is cytosolic, could induce a 

conformational change and/or modulate anion transport function or interaction with other 

proteins. Tyrosine 359 lies at the juction between the cytosolic and membrane spanning 

domains and its phosphorylation may affect quaternary structure or proteolytic 

susceptibility. Only tyrosine 904 is conserved across species (28). 

Carboxymethylation is another enzymatic post-translational modification that has 

also been described for band 3. Band 3 is a major methyl-accepting substrate of the 

intracellular erythrocyte protein carboxyl methyltransferase (S-adenosyl-L-

methionine:protein-D-aspartate 0-methyltransferase) (31). Although the actual locations 

of the methylated residues have not identified, atleast three methylation sites are present 

(32). The targets of the carboxyl methyl transferase are aspartic acid residues in the 

unusual D-stereoisomer configuration. Racemization fi-om the D- to L- configuration is a 

spontaneous, nonenzymatic post-translational modification associated with aging 



(discussed below). Carboxymethylation was thus suggested as a mechanism by which 

racemized proteins can be targeted for degradation or repair. 

Glycation is a slow, nonenzymatic modification that occurs on long-lived proteins 

such as collagen of the bone, skin, and tendon and structural proteins of the ocular lens 

(19). Sugars such as glucose react with free amino groups of arginines, lysines, and 

histidines to form a SchifFbase, which then undergoes rearrangement to form a 

ketoamine, or Amadori product. The Amadori product itself is reactive and leads to the 

formation of advanced glycosylation end-products. These reactions occur on proteins 

whose half lives are measured in years, and are not expected for proteins of the 120-day 

life span of the erythrocyte. 

Carbamylation, or the reaction of cyanate with free epsilon amino groups, also 

occurs in vivo and can affect the structure and stability of the protein (19). Cyanate in 

vivo is derived from urea in the blood, which increases with age, dehydration, diarrhea, 

and renal failure. Carbamylation occurs predominantly on lysyl residues to form the 

stable adduct homocitrulline. Levels of carbamylation in erythrocyte membrane proteins 

from uremic patients, measured as homocitrulline content, is significantly greater than for 

nonuremic patients (33). The in vitro incorporation of cyanate into erythrocyte 

membrane results in a decreased rabbit erythrocyte lifetime (34). In vitro carbamylation 

occurs on all major membrane proteins, with spectrin and actin the most intensely 

reacted, and the incorporation of cyanate is nonspecific and a linear ftmction of the 

proteins molecular weight (33). Carbamylation of band 3 is less than would be predicted 



by its size, and it is suggested that integral membrane regions of band 3 are less 

accessible to cyanate than the cytosolic proteins. 

Deamidation is a spontaneous nonenzymatic reaction that proceeds in a time-

dependent maimer at physiological temperature and pH (35). This hydrolytic reaction 

requires only water to convert glutaminyl and asparaginyl residues to glutamyl and 

aspartyl residues, respectively. The rate of deamidation is highly variable, and is 

dependent on the sequence and structure of each specific peptide or protein. 

Methodological problems make it difficult to distinguish a deamidated product from a 

primary translation product. A variety of mechanisms for the deamidation occur and 

depend on the residues immediately adjacent and the reaction conditions. Functional 

groups of proximal residues can act as nucleophiles at neutral pH to catalyze the 

deamidation under physiological conditions. Tertiary structure and large hydrophobic 

groups may restrict water access and deamidation in the native protein. The rate of 

glutamine deamidation is intrinsically slower than for asparagine. Robinson and Rudd 

were the first to suggest in 1974 that deamidation may serve as an internal timeclock to 

determine the lifespan of a protein in vivo (36). Robirson's group further hypothesized 

that sequences surrounding asparaginyl and glutaminyl residues may have been selected 

through evolutionary pressure to determine the rate of protein turnover (37,38). 

Decreased conformational stability and increased susceptibility to proteolytic degradation 

is associated with deamidation, but some deamidations exert little or no effect on 

biological activity or tertiary structure (35). Deamidation may cause altered antigeniciry 

directly or by unfolding new epitopes. The erythrocyte membrane protein band 4.1 
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deamidates at two asparagine residues (39). Deamidation of asparagine 478 occurs 

immediately after synthesis, but deamidation at residue 502 is a slower, time-dependent 

reaction (half life of 41 days) which alters the electrophoretic mobility of the protein. 

Deamidation at 502 is increased in senescent erythrocytes and is suggested to create a 

conformational change in the protein 4.1 molecule, altering its characteristic and 

functionality. 

Racemization, or the interconversion of the optical forms, occurs spontaneously in 

vivo (19). Proteins and peptides normally consist of L- amino acids, but racemization of 

aspartyl and asparaginyl residues to D-aspartate, D-isoaspartate, and D-asparagine occurs 

with aging (21). The rate of nonenzymatic racemization, like deamidation, is variable 

depending on the proximal residues. The mechanism of aspartyl racemization involves 

attack of the side chain carbonyl by the peptide nitrogen with the formation of an 

aspartylsuccinimide intermediate. Age-dependent racemization was examined in human 

erythrocytes (40). Significant levels of D-aspartyl, D-isoaspartyl, or D-asparaginyl 

residues (all of which hydrolyze to D-aspartate) were detected in red cell proteins, with 

the rate of accumulation much greater for intrinsic membrane proteins than for extrinsic 

membrane proteins. Significant age-dependent racemization was not detected for 

cytosolic proteins. 

The amino acid proline generally exists in the stereochemical trans configuration, 

but some prolyl residues may be stabilized in the cis conformation at specific positions 

(21). The importance of the cis-trans configuration for proper folding is evidenced by the 

presence of a specific prolyl cis-trans isomerase to facilitate the proper folding of proteins 



at the time of synthesis (41). The trans configuration of proline is essential for certain 

protein conformations, such as the triple helix (21). Spontaneous cis-trans isomerization 

of proline is hypothesized to underlie the poorly understood spontaneous conformational 

changes in secondary and tertiary structure associated with aging. Direct techniques for 

analysis of cis-trans conversion are not generally available, and thus this field remains 

poorly understood. 

Analysis of post-translational modifications by tandem MS/IVIS 

Many of the post-translational modifications discussed above covalently alter the 

protein structure and thus shift the mass of the amino acid residue on which they occur. 

Tandem mass spectrometry, when used together with conventional sequencing 

methodologies, provides an excellent tool for the analysis of such covalent modifications 

(for a review, see 42). Complete digestion of the purified protein with a specific protease 

such as trypsin yields a complex mixture of peptide firagments. If the primary amino acid 

sequence of the protein is ahready known, such as can be deduced fi^om a cDNA 

transcript, then the unmodified cleavage products and their masses can be predicted. The 

complex mixture of peptides can be separated on the basis of hydrophobicity by reverse 

phase high performance liquid chromatography and detected as UV peaks at 215 nm, the 

wavelength at which the peptide bond absorbs. A single peak may contain a single 

peptide or a few peptides with similar retention properties for the column and gradient 

used. 



The masses of the peptide within each peak can be determined by mass 

spectrometry (MS). Ionization of the peptide(s) in an acidic aqueous/organic solvent 

yields singly (MH+), doubly (MH2+), or multiply charged (MH3+, MH4+, etc.) species. 

In the case of peptides, the maximum number of charges depends on the number of side 

chain moieties that can readily accept a proton - the epsilon amino groups of arginine, 

lysine, and histidine, and the free alpha-amino terminus. The molecular mass of the 

peptide is then detected as a mass to charge ratio (m/z), which is accurate to half a dalton. 

The true mass is deduced by multiplying the obsei-ved m/z by the charge and subtracting 

the appropriate number of protons. 

On-line coupling of an liPLC system to the mass spectrometer (LC/MS) allows 

subsequent mass analysis of each peptide peak as it elutes from the reverse phase column. 

Alternatively, each peak may be hand collected for direct analysis by MS. Although 

LC/MS provides a much more rapid and efficient analysis of a complex mixture of 

peptides, the resolution is inferior to direct MS analysis of collected peaks, particularly at 

higher flow rates. 

Comparison of the experimental molecular mass to predicted fragment masses of 

the digested protein often allows identification of that peptide. Multiple software 

programs, including Protein Analysis Worksheet (PAWS, free download software by RC 

Beavis, New York University/Skirball Institute) and GCG sequence analysis software 

package (Genetics Computer Group, Inc; Madison, Wisconsin), provide theoretical digest 

predictions from a known protein sequence. GCG software ftuther predicts relative 

retention rates of the peptide fragments on a reverse phase system, which aids in 



confirming the identity of a peptide peak. Any peptide masses that do not match a 

predicted fragment may represent a partial digest product or a peptide containing a 

covalent modification of the primary structure. 

Peptides may be fiirther analyzed by tandem MS, in which two consecutive stages 

of mass analysis are employed (42). In the first stage, a particular m/z ratio is selected 

and the peptide of interest is "filtered" from other ions in the sample. Fragmentation of 

the relatively stable parent molecule is achieved by collision induced dissocation (CID) 

with a neutral gas. The spectra of masses of the resulting daughter ions can then be 

interpreted to obtain partial or complete sequence information of the selected peptide. 

When used together with traditional sequencing methodologies, tandem MS (or 

MS/MS) is particularly useftil for analyzing complex mixtures of peptides, for 

corroborating or correcting protein sequences predicted from cDNA, and for assigning 

the chemical nature and location of enzymatic or nonenzymatic postsynthetic 

modifications. The nature and site of three posttranslational modifications in the spinach 

light harvesting chlorophyll protein were identified using tandem MS: proteolysis, 

acetylation, and phosphorylation (43). These three covalent modifications comprise a 

three step response to light activation. Kimt et al sequenced subpicomolar quantities of 

peptides boimd to the class I MHC molecule from a complex mixtiu-e of over 200 

structurally distinct peptides without prior purification (44). Post-translational 

modifications distinguishing the seven different isoforms of neuron-specific class III 

beta-tubulin were also characterized by tandem MS (45). Similarly, tandem MS may 



identify post-translational modifications occuring on the band 3 polypeptide durin 

erythrocyte aging. 
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1.2 Hypotheses and Specific Aims 

Hypotheses 

I hypothesize that post-translational modifications of band 3 occur during aging, 

underlying altered fimction and antigenicity, increased susceptibility to proteolysis, and 

the formation of senescent cell antigen with erythrocyte aging. I fiirther hypothesize that 

these age-related insults include covalent structural modifications which alter the mass of 

the residue on which they occur and which may be detected by tandem MS. The 

following covalent modifications have been previously reported for band 3 or previoulsy 

associated with erythrocyte aging: oxidation (mass shift of+16), methylation (+14), 

phosphorylation (+80), carbamylation (+41), and deamidation (+1). I hypothesize that 

one or more of these modifications occur in the regions of the band 3 polypeptide which 

form the neo-antigenic epitope of senescent cell antigen. 

Speciflc Aims 

1 To purify sufficient quantities of band 3 from fi-eshly lysed and stored human red 

cells for detailed mass spec analysis 

2 To search for differences in the HPLC UV 215 chromatograms of fresh and stored 

band 3 which may represent altered peptides 

3 To generate a map of the tryptic peptides according to their masses and retentions 

4 To identify peptide peaks containing altered masses 

5 To identify and analyze in particular the peptide fragments associated with SCA 

antigenicity 
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6 To identify the nature and site of post-trans lational modifications of band for fi-esh 

and stored erythrocytes 

7 To identify the nature and site of post-translational modifications of band 3 occuring 

in vivo for young and old human erythrocytes 



CHAPTER 2 

PURIFICATION OF BAND 3 FROM FRESH AND STORED ERYTHROCYTES 

2.1 Materials and Methods 

Purification procedures were adapted from those described by Casey et al (8). 

Sample aliquots were taken throughout the purification procedure for SDS-PAGE 

analysis (Appendices C,D, and E) and protein concentration determination by BCA 

(Appendix B). All chromatographic steps were performed in the cold room (4 C). 

Synthesis of aminoethyl-sepharose and p-CMB-sepharose resins are described in 

Appendix F. 

Isolation and storage of red cells 

Red cells were isolated from whole blood of healthy human donors. 60-240 ml of 

blood was drawn using a 1.4:10 dilution of citrate phosphate dextrose solution (Sigma) as 

an anticoagulant. The blood was diluted 1:2 in Dulbecco's IX phosphate buffered saline 

(PBS) without calcium and magnesium (ICN) and carefully layered atop a half volume of 

histopaque 1077 (Sigma). The density of histopaque is intermediate between that of red 

cells and lymphocytes, allowing separation of these two populations. The tubes were 

then spun at 1200 rpm for 30 minutes at room temperature to separate the blood 

components into serum (top layer), PBS (next layer), a disc of white cells between the 

PBS and the histopaque, histopaque, and red cells (lower layer). All layers atop the red 

cells were removed by careful aspiration and the red cells were washed three times in 



phosphate buffered saline with calcium and magnesium, pH 7.4. For the washing of the 

red cells, spins were at 3000 rpm for 8 minutes at 4 C and samples were kept on ice. 

Red cells were then either lysed or stored 5-7 weeks at 4 C in Alsever's solution (Gibco 

BRL). 

Lysis of red cells 

Membranes from recently isolated or stored red cells were isolated by hypotonic 

lysis of intact erythrocytes. Red cells stored in Alsever's were first washed three times in 

PBS to remove the Alsever's solution. Fresh red cells were also washed three times in 

PBS prior to lysis as part of the isolation procedure above. Red cells were lysed for 10 

minutes on ice in 10 volumes of 5 mM phosphate buffer, pH 8.0 (5P8) containing 20 

ug/ml PMSF (Sigma) as a protease inhibitor and in some cases 0.2 mM dithiothreitol 

(ICN). Ghost membranes were then pelleted by centrifugation in a JA-20 (Beckman) or 

SS-34 (Sorvall) rotor at 15,000 - 20,000 rpm for 20 minutes at 4 C. The supemate was 

carefully aspirated and the membranes were washed 5-7 times in 5P8 containing 20 

ug/ml PMSF, until the membranes were white and fluffy. Membranes were stored at -80 

C in 5P8 with 20 ug/ml PMSF until stripping. 

Stripping of peripiieral membrane proteins 

Ghost membranes were thawed and extracted with 10 volimies of ice cold 2 mM 

EDTA, pH 12.0 to remove extrinsic membrane proteins. Immediately after dilution of 

the ghosts, membranes were pelleted by centrifugation at 48,000 g (20,000 rpm in a JA-



20 rotor) for 30 minutes. The stripped membranes were washed three times with ice cold 

5P8 containing 20 ug/ml PMSF and stored at -80 C. After the first purification 

procedure (FRl), it was evident that extraction with 0.2 mM EDTA was insufficient (see 

resuhs below). Subsequent samples were therefore restripped with ice cold 0.1 M NaOH. 

a harsher stripping procedure, and washed three times with 5P8 plus 20 ug/ml PMSF. 

Solubilization of integral membrane proteins 

Stripped membranes were thawed and solubilized in five volumes of ice cold 

1.0% octaethylene monododecyl ether (C12E8, Fluka) in 5P8. Since solubilization 

releases proteases into solution, 20 ug/ml PMSF was added fi-esh to the solubilization 

buffer. The mixture was stirred until the solution was no longer turbid, and in some cases 

small additions of 10% C12E8 were made to eliminate turbidity. The sample was then 

centrifiiged at 80,000 g (30,000 rpm in a Beckman 45Ti rotor) for 45 min at 4 C to pellet 

any insoluble material. The supemate was carefully collected for chromatography. 

Aminoethyl-sepharose chromatography 

For the first sample (FRl), 25 ml of aminoethyl-sepharose 4B (AES) in an equal 

volume of 0.1% C12E8, 5P8, 0.02% sodium azide (Sigma) was transferred to a 1.5 x 20 

cm column and packed with equilibration buffer (0.1% C12E8, 5P8) at a flow rate of 1.74 

ml/min. The resin was then washed with three additional bed volumes (75 ml) of 

equilibration buffer at 1 ml/min. The sample was pumped onto the column at 1 ml/min 

and the resin was washed with 2 bed volumes of equilibration buffer. Protein was eluted 



from the column using 4 bed volumes each of 25 mM, 50 mM and 100 mM phosphate 

buffers, pH 8.0 containing 0.1%C12E8. Fractions were collected and analyzed for 

protein absorbance at 280 nm. Absorbing fractions were pooled for protein 

determination and SDS-PAGE analysis. 

For the second sample (FR2), the same 25 ml of AES resin was used. The packed 

bed was equilibrated with four bed volumes of equilibration buffer. A ten bed volume 

linear gradient of 0 - 0.3 M NaCl in equilibration buffer was applied to the column to 

elute protein. Fractions were collected and analyzed for protein absorbance at 280 nm. 

Positive fractions were collected for protein determination and SDS-PAGE analysis. 

Yield was poor, and much of the protein remained in the void voliune (see results below) 

and thus this chromatographic step was repeated on the void using a slower flow rate for 

sample application of 0.5 ml/min. Again yield and binding efficiency was quite poor. 

The resin was washed with 0.1 M NaCl and fractions were collected for protein 

determination and SDS-PAGE analysis. 

For subsequent samples (STl, ST2, ST3), a separate batch of AES resin (25 ml) 

was used and a 20 bed volume linear 0-0.1 M NaCl gradient was employed. Before 

loading of subsequent samples (ST2,ST3), the resin was equilibrated with 10 bed 

volumes of 0.1%C12E8, 5P8. Fractions were collected and analyzed by A280 and SDS-

PAGE. Fractions containing band 3 were pooled and protein concentration was 

determined by BCA. 



/^-CMB-sepharose chromatography 

Pooled protein ftactions from the AES chromatographic step were pumped onto 

0.5 to 1.5 ml of packed p-CMB-sepharose 4B resin, depending on the amount of protein 

present in the sample, at a flow rate of 0.5 ml/min. According to Casey et al (8), the 

binding capacity of the resin should be 7 mg protein per ml resin. Prior dilution of the 

sample in 0.1% C12E8, 5P8 was performed to lower the molar NaCl concentration to 200 

mM if necessary. Fresh p-CMB resin was used each time and equilibrated with the same 

buffer in which the sample was applied. After loading the sample, the resin was washed 

with 5 bed volumes each of the following: I) buffer in which the sample was applied; 2) 

150 mM NaCl, 150 mM sodium phosphate, 0.1% C12E8, pH 7.5; 3) 0.2 M ammonium 

bicarbonate, 0.1% C12E8, pH 7.5. Protein was eluted in 0.2 M ammonium bicarbonate, 

0.1% C12E8, pH 7.5 containing 1.0% 2-mercaptoethanol (Sigma). Fractions were 

analyzed by SDS-PAGE. Fractions containing band 3 were immediately digested with 

trypsin as described in Chapter 3. 



2.2 Results 

FRl chromatography 

According to Casey et ai (8), intrinsic membrane proteins can be eluted from the 

aminoethyl-sepharose column using a step gradient of 25, 50, and 100 mM phosphate 

buffers, with band 3 elating at 50 mM phosphate. Further purification and concentration 

of the protein fraction eluted with 0.1% C12E8, 50 mM phosphate, pH 8.0 revealed the 

presence of multiple bands but essentially no band 3 (Figure 2.1). The major band 

present migrated in the band 4.1 region on SDS-P AGE. A band migrating in the band 3 

region was observed for the protein fraction eluted with with 0.1% C12E8, 100 mM 

phosphate, pH 8.0, but this fraction also contained a band in the 4.1 region (Figure 2.2). 

It was thus apparent that the published stepwise phosphate gradient was not sufficient in 

this case for the isolation of band 3 from other integral membrane proteins. This may be 

due to differences in binding properties of the aminoethyl-sepharose resins. For these 

procedures, the AES resin was synthesized from commercially available CNBr-activated 

sepharose 4B from Pharmacia, whereas the published procedures entail activation of the 

sepharose with cyanogen bromide from scratch. 
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Figure 2.1 p-CMB-sepharose chromatography of the FRI 50 mM phosphate AES fraction. Protein 
eluted from the aminoethyl-sepharose column with 50 mM sodium phosphate, 0.1% C12E8, pH 8.0 was 
applied to the p-CMB resin and washed with five bed volumes of 50 mM phosphate, 0.1% C12E8. pH 8.0: 
150 mM NaCl, 150 mM sodium phosphate, 0.1%C12E8, pH 7.5; and 0.2 M ammonium bicarbonate, 0.1 ° o 
C12E8, pH 7.5. Protein was eluted with 0.2 M ammoniimi bicarbonate, 0.1% C12E8, pH 7.5 plus 1.0% 2-
mercaptoethanol and fractions collected. FRI erythrocyte membrane is run in the fu^t lane as a marker. 

Figure 2.2 Detailed SDS-PAGE analysis of FRI chromatography. Aliquots of the following purification 
steps are shown: erythrocyte membranes, stripped membranes, solubilized membranes (supemate), .\ES 
column 50 mM phosphate fraction, AES column 100 mM phosphate fraction, p-CMB punfication (fraction 
3) of the 50 mM phosphate fraction. Membrane* represents erythrocyte membranes suspended in the same 
buffer as the p-CMB fraction (0.2 M ammoniimi bicarbonate, 0.1% C12E8, pH 7,5 plus 1.0% 2-
mercaptoethanol) as an additional control. 



Re-extraction of membranes with 0.1 M NaOH 

The presence of multiple bands during the purification of FRI band 3 (Figure 2.1) 

suggested that the stripping procedure may have been inefficient. Casey et al (8) describe 

several procedures for the stripping of peripheral proteins, including extraction with 0.1 

M NaOH, 0.17 M acetic acid, and the EDTA procedure described above. The EDTA 

procedure was originally chosen as sodium hydroxide and acetic acid extractions are 

harsher procedures that tend to denature the protein. It is important, however, to 

sufficiently extract peripheral proteins prior to chromatographic steps when their removal 

is more difficult. EDTA stripped membranes (FR2) were thus re-extracted with NaOH 

and analyzed by SDS-PAGE (Figure 2.3). Although the bands present in the EDTA 

stripped membranes were also present after NaOH extraction, the relative abundance of 

band 3 appeared to increase slightly by this second stripping procedure. An increased 

efficiency of extraction was also confirmed visually during the procedure as the 

membrane fi-actions were more compact and less "fluffy" after NaOH treatment. All 

subsequent samples were re-extracted with 0.1 M NaOH prior to chromatography. 



Figure 2.3 SDS-PAGE analysis of membrane stripping procedures. Extrinsic membrane proteins were 
extracted from FR2 erythrocyte ghost membranes with ice cold 2 mM EDTA, pH 12. These stripped 
membranes were then re-extracted with O.IM NaOH. 



FR2 chromatography 

For the second sample (FR2), a linear 0-0.3 M NaCI gradient in 0.1% CI2E8, 5P8 

was employed for AES chromatography. Fractions were analyzed for protein absorbance 

at 280 nm and positive fractions were analyzed by SDS-PAGE. Again, a band migrating 

in the 4.1 region was observed, but band 3 was not detected. According to Casey et al 

(8), band 3 should have eluted at 100 mM NaCl. A detailed yield analysis indicated that 

37% of the protein loaded onto the column eluted in the void, 8% was recovered but did 

not contain band 3, and 55% of the protein was unaccounted for - perhaps either still 

bound to the column or lost via adherence to the glass collection tubes. Since the void 

volume still contained a substantial amount of protein (29.8 g), it was reapplied to the 

column using a slower flow rate (0.5 ml/min) to enhance binding of band 3 to the resin, 

and chromatographic steps were repeated. Minimal protein was recovered by the linear 

salt gradient, indicating the column was essentially exhausted. 

Elution of proteins bound to the aminoethyl-sepharose column with 1.0 M IVaCI 

It seemed likely that something remained bound to the AES column and was 

occupying all available binding sites, perhaps phospholipids or possibly band 3. The 

resin was thus washed with 0.1 M NaCl and fractions were analyzed for protein content 

by absorbance at 280 nm and by SDS-PAGE (Figure 2.4). Band 3 eluted from the 

column at this higher salt concentration, and contained protein from both FRl and FR2 

samples. AES Fractions containing band 3 were pooled for a total of 4.35 m.g protein. 

Band 3 was ftulher purified and concentrated by p-CMB chromatography (Figure 2.5). 
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Figure 2.4 Elution of PR band 3 from the aminoethyl-sepharose column with 1.0 M NaCl. Both samples. 
FRl and FR2 had been applied to the resin without successftil isolation of pure band 3. Band 3 was eluted 
from the resin with 1.0 M NaCl, and represents a consolidation of the FRl and FR2 samples. FR2 
erythrocyte membrane is run in the first lane as a marker. 

(S 

2 pCMB fractions 

£ 
1  1 2 3 4 5 6 7 8  

f 

I Band 3 

Figure 2.5 Further purification and concentratioa of FR band 3 by p-CMB chromatography. AES 
flections containing band 3 (Figure 2.4) were pooled and diluted to lower the NaCl concentration to 0.2 M. 
The sample was applied to the /^-CMB resin and washed with 5 bed volumes each of 0.2 .M NaCl, 0.1% 
C12E8, 5P8; 150 iriM NaCl, 150 mM sodium phosphate, 0.1% C12E8, pH 7.5; and 0.2 M ammonium 
bicarbonate, 0.1% C12E8, pH 7.5. Band 3 was eluted with 0.2 M ammonium bicarbonate, 0.1% C12E8, 
pH 7.5 plus 1.0% 2-mercaptoethanol and fractions collected. FR2 erythrocyte membrane is run in the first 
lane as a marker. 
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STl chromatography 

For chromatography of proteins from stored membranes, a separate AES resin 

was used to prevent cross-contamination of sample types and a linear 20 bed volume 0-

1.0 M NaCl gradient was employed. Two elution peaks were observed by absorbance at 

280 nm: a highly concentrated sharp peak eluting in the 0.2 molar NaCl range and a 

broader, less concentrated peak eluting in the 0.3 to 0.5 molar NaCl range. SDS-PAGE 

analysis indicated that the first peak contained an intense band in the 4.1 region whereas 

the second peak contained band 3, and an overlap of these two peaks was apparent 

(Figure 2.6). The purest band 3 fi^actions were pooled for a total of 7.53 mg, representing 

only 7% of the total protein loaded onto the AES column. The molar salt concentration 

of the pooled sample was calculated to be approximately 0.42 molar, so the sample was 

diluted 2 fold in 0.1% C12E8, 5P8 to dilute the salt to approximately 0.2 molar prior to 

loading onto the /?-CMB-sepharose column. Approximately 4 mg of pure band 3 was 

recovered in fraction 2 and 3 mg in firaction 3 of the p-CMB chromatography (Figure 

2.7). A detailed SDS-PAGE analysis of the purification is shown in Figure 2.8. 



AES Fractions 
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Figure 2.6 Aminoethyl-sepharose chromatography of STl band 3. Band 3 was purified using a 0 - 1.0 .VI 
NaCl gradient. Alternate fractions from the AES chromatography were analyzed by SDS-PAGE for the 
presence of band 3 (A), and then adjacent fractions were analyzed (B). 
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Figure 2.7 Further purification and concentration of STl band 3 by p-CMB-sepharose chromatography. 
AES fractions containing pure band 3 (Figiire 2.6) were pooled and diluted to lower the NaCl concentration 
to 0.2 M. The sample was applied to the ;7-CMB resin and washed with 5 bed volumes each of 0.2 M 
NaCl, 0.1% C12E8, 5P8; 150 mM NaCl. 150 mM sodium phosphate, 0.1% C12E8, pH 7.5; and 0.2 M 
ammonium bicarbonate, 0.1% C12E8, pH 7.5. Band 3 was eluted with 0.2 M ammonium bicarbonate, 
0.1% C12E8, pH 7.5 plus 1.0% 2-mercaptoethanol and fractions collected. STl erythrocyte membrane is 
run in the first lane as a marker. 



45 

<D 
.•O C\J CO 

CD 
O CO 

c 

o CVl !o 
> LZ Li ca CD 

CO l/> en S 
LU LU LU o O 
< < < Q. Q. 

Band 3 

B 

Band 3 

Figure 2.8 Detailed SDS-PAGE analysis of STl band 3 purification. Aliquots of the following purification 
steps are shown; erythrocyte membranes, stripped membranes, solubilized membranes (superaate), .\ES 
void volume, AES fraction 12 (Figure 2.6A), AES firaction 23 (Figure 2.6B),/7-CMB bicarbonate wash, and 
band 3 eluted from the p-CMB resin with with 0.2 M ammonium bicarbonate, 0.1% C12E8. pH 7.5 plus 
1.0% 2-mercaptoethanol. Gels were stained with Coomassie G-250 (A) and with the BioRad Silver Stam 
Kit (B). 
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ST2 and ST3 band 3 purification 

Purification of band 3 from two other stored samples was performed as for STl 

using the same AES resin and the 0-1.0 M NaCl gradient. Protein yield diminished with 

each subsequent sample, possibly due to irreversible binding of phospholipids to the 

column. Approximately 3 mg of pure band 3 was recovered from ST2 and 1.5 mg from 

ST3. 



CHAPTER 3 

TRYPTIC DIGEST OF PURIFIED BAND 3 FROM FRESH AND STORED 

ERYTHROCYTES AND ANALYSIS BY HPLC 

3.1 Materials and Methods 

Tryptic digest of purified band 3 

Estimates of protein quantity of pure band 3 in each p-CMB fraction were 

determined visually from band densities on SDS-PAGE together with the known amount 

of protein loaded onto the column. For example, for the STl purification 7.53 mg of 

protein was loaded onto the p-CMB-sepharose column with a loss of 0.46 mg protein in 

the void and wash volumes. The majority of the protein eluted in fractions 2 and 3 with 

fraction 2 slightly more intense than fraction 3. Fraction 2 was thus estimated to contain 

4 mg pure band 3 and fraction 3 to contain 3 mg. Protein estimates for the other samples 

were performed in a similar fashion. High levels of 2-mercaptoethanol present in the 

sample prevented a more accurate protein determination. 

To enoure complete digestion, three additions of sequencing grade, modified 

trypsin (E oennnger Mannheim) at a 1/50 ratio of protease to protein was added to each 

sample of purified band 3 over a 36 hr period. The digestion was performed at 37 C. An 

apomyoglobin digest confrol and a negative trypsin control were also performed in the 

same buffer (0.1 % C12E8, 0.2 M ammonium bicarbonate, pH 7.5 plus 1.0% 2-
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mercaptoethanol). After the digestion, the samples were concentrated to dryness and 

resuspended in 0.5% acetonitrile, 0.1% TFA for HPLC analysis. 

HPLC conditions 

For separation of peptides by reverse-phase HPLC, a CIS column (Vydac 

218TP54) was used on a Waters 600E system controller equipped with a U6K injector. 

The gradient solvents used were 0.1% TFA (Pierce) in ultrapure water (solvent A) and 

0.85% TFA in HPLC grade acetonitrile (solvent B, Burdick and Jackson). Initial 

conditions were set at 5% acetonitrile for 5 min with a 60 min ramp to 95% acetonitrile 

(Gradient A). Gradient conditions were adjusted to maximize efficiency of peptide 

separation. The slope was varied to broaden the region in which the majority of the 

peptides eluted. Gradient B set gradient conditions at 5% solvent B for 5 min, 5 to 25% 

B from 5 to 15 min, 25 to 55% B from 15 to 45 min, 55 to 95% B from 45 to 65 min, 

95% B for 5 min. Gradient C set gradient conditions at 5% B for 5 min, 5 to 11% B from 

5 to 9 min, 11 to 41% B from 9 to 39 min, 41 to 95% B from 39 to 65 min, 95% B for 5 

min. Between uses, the column was stored in 50% acetonitrile, 50% water with no acid. 

Peptide separation was monitored by UV absorbance at 215 nm using a Waters 490E 

programmable multiwavelength detector at 1.0 absorbance units full scale (AUFS). UV 

chromatograms were recorded and interpreted using Maxima software (Waters). 

Samples were loaded onto the column in 100 - 250 ul volumes, containing 100 -

200 ug (1 - 2 nanomoles) of band 3 peptides. Peptide peaks were collected manually in 

eppendorfs that had been boiled in methanol, and the retention times inclusive in each 
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fraction were recorded. Collected fractions were stored at -20C for later analysis. For 

the reinjection of collected peaks, samples were first concentrated to dryness in the 

speedvac to remove the higher concentrations of acetonitrile and resuspended in 5% 

acetonitrile, 0.1% TP A. Reinjected peaks were analyzed and collected under the same 

HPLC conditions as for whole band 3 digests. 
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3.2 Results 

Peptide solubility 

Initial resuspension in 5% acetonitrile, 0.1% TFA did not completely solubilize 

the peptide samples as insoluble material was visually present. Freezing of the sample 

appeared to improve the solubility of the more hydrophobic peptides, both by a visual 

loss of precipitate in a frozen/thawed sample and by an increased prevalence of 

hydrophobic peaks in the HPLC UV chromatogram. 

Figure 3.1 shows three separate HPLC runs of the same band 3 digest (STl) using 

three different gradient conditions. For the first run, sample was loaded shortly after 

initial suspension in 5% acetonitrile, 0.1% TFA. Significant visual aggregates were 

suspended in the sample, and the sample was spun briefly to sediment insoluble material 

prior to injection. For the second run, the sample was heated at 37 C for 15 minutes and 

vortexed vigorously to try to improve peptide solubility, but suspended aggregates were 

again observed. Prior to the third run, the sample was frozen for storage. After thawing, 

the presence of suspended aggregates was significantly diminished. The prevalence of 

hydrophobic peptide peaks t, u, v, y, and z was increased after freezing (Figure 3.1C) as 

compared to before freezing (Figure 3.1 A and B). 
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Figure 3.1. HPLC sqiaration of STl band 3 tryptic peptides using three different gradient parameters. For 
each run, approximately 200 ug (2 nanomoles) of band 3 peptides was applied to the reverse phase CI 8 
column. Elution was performed at a flow rate of 1 ml/min using the following gradients between solvent A 
(0.1% TFA in water) and solvent B (0.85% TEA in acetonitrile). (A) 5% solvent B for 5 min, 5 to 95% 
solvent B from 5 to 65 min, 95% B for 5 min. (B) 5% solvent B for 5 min, 5 to 25% B from 5 to 15 min, 
25 to 55% B from 15 to 45 min, 55 to 95% B from 45 to 65 min, 95% B for 5 min. (C) 5% B for 5 min. 5 
to 11% B from 5 to 9 min, 11 to 41% B from 9 to 39 min, 41 to 95% B from 39 to 65 min. 95% B for 5 
min. 



Manipulation of gradient conditions for optimal separation 

Preliminary HPLC experiments were performed using the ST I sample because it 

was the most abundant source of band 3. The initial gradient employed a 60 minute ramp 

of 5% to 95% acetonitrile (Figure 3.1 A). The majority of the peaks were "bunched" 

together in the early part of the chromatogram with very few peaks elating in the latter 

half The gradient was adjusted to improve separation (Figure 3.IB), but a 6 ml volume 

between the gradient controller and the column was not properly accounted for. After 

accounting for this volume, a gradient was devised with improved separation of the 

peptide peaks (Figure 3.1C). 

Despite different gradient conditions and retention times, peaks were comparable 

among runs. Many of the peaks are designated by letters for ease of correlation. 

Improved separation is evident by wider spacing between the peaks, resolution of peak c. 

and splitting of peaks d and p, for example. 

Fidelity of peptide peaks 

Fraction 14 (26.78 - 28.20 min) from the STl-2 HPLC run depicted in Figure 

3. IB contains peak k, for which the retention time using gradient B was 27.01 min. This 

fraction was dried down, resuspended in 5%acetonitrile/0.1% TFA, applied to the HPLC 

system and eluted using gradient C. A single peptide peak eluted at 34.63 min (Figure 

3.2A), the characteristic retention time for peak k on gradient C (Figiire 3. IC). The 

resulting peak was dried, resuspended and again applied to the CI8 system, with a 

characteristic peak observed at 34.59 min (Figure 3.2B). This shows that band 3 peptides 



exhibit characteristic retention properties for specified gradient conditions and that 

separations generated using different gradients can be compared. The latter is critical for 

comparison of LC/MS UV chromatograms to HPLC UV chromatograms for which 

peptides were collected (Chapter 4). Fidelity of the retention time is important for 

comparisons among different samples. The height of the original peak fi-om the ST 1-2 

run was 0.2 AUFS. Peaks of 0.175 and 0.15 AUFS were observed for subsequent 

analyses of peak k (Figure 3.2), indicating that minimal loss (less than 15%) occurred 

during sample collection, manipulation, and reinjection. 
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Figure 3.2. Reinjection of collected peaks. (A) Fraction 14 (26.78 - 28.20 min) from the STl-2 HPLC run 
(Figure 3.IB) was dried down, resuspended in 5%acetonitrile/0.1% TFA, applied to the CIS RP-HPLC 
system and elated using gradient C. (B) The resulting peptide peak was collected, dried and resuspended. 
and again applied to the C18 system using gradient C. 



Comparison of HPLC chromatograms among samples 

Variations of peak appearance or height from sample to sample could be due to 

one of the following: incomplete digestion with variation from sample to sample, 

incomplete solubilization of tryptic peptides with variation from sample to sample or run 

to run, or individual differences in peptide species (due to post-translational 

modifications) from sample to sample. Contamination of one or more samples with other 

integral membrane proteins could also produce additional peaks. Variability of 

solubilization has already been shown for three different runs of the same sample (Figure 

3.1) and thus must be taken into consideration when comparing chromatograms from 

different samples. Although long digestion times (36 hr) and three trypsin additions were 

employed to facihtate complete digestion, the size and physical properties of the band 3 

molecule suggest ±at partial digest products may be inevitable. Exact reproducibility of 

peptide peaks within ST and FR sample groups but with distinct differences in peak 

appearance or height between the ST and FR sample groups would be ideal, and would 

suggest specific alteration of peptides during the storage of red cells. These specific 

peaks could then be targeted for MS/MS analysis and the altered peptides identified. 

This was not the case. 

Figure 3.3 compares the peptide separations of STl and ST2 samples using 

gradient C. Lowercase letters designate many of the peaks for ease of comparison. Peak 

retention times are highly reproducible between the runs, with a variation of less than 

0.06 seconds for the maxima of most peaks. The following variations in ST2 as 

compared to STl were noted: drastic increase in the prevalence of peak c with a 



consolidation of the split peak, splitting of peak e and k, reduction in the magnitude of 

peaks f and n, increased magnitude of peak j, consolidation of the split peak m, and 

increased prevalence of the hydrophobic peaks t and u. 

Figure 3.4 compares peptide separations for two FR band 3 digest samples. 

During the purification procedure, FRl and FR2 samples were combined (Chapter 2). 

Two separate aliquots (/?-CMB fractions 2 and 3) of the same sample were digested with 

trypsin side by side under the exact same reaction conditions. p-CMB fractions 2 and 3 

were of comparable band 3 concentration and piuity and their tryptic digests are referred 

to as FR2 and FR3, respectively. The following variations between FR2 and FR3 UV 

cliromatograms were noted: variability in the magnitudes of peaks c, 1, q, s, and t through 

z, splitting of peaks c and 1 in FR2, and a complete absence of peaks m and r in FR3. 

These differences must represent inherent variations in the digestion of band 3, 

solubilization of band 3 tryptic peptides, and resolution by RP-HPLC as no differences 

due to post-translational modifications should be present in these two digests of the same 

sample. 

Comparisons of peptide separations from ST (Figure 3.3) to FR (Figure 3.4) 

tryptic digests does not reveal any differences in peak appearance or height that are 

specifically associated with the storage of erythrocytes. Most of the variations noted 

occur both in FR and ST samples. The splitting of peaks e and k is specific for ST2 and 

occurred in odier HPLC runs of this sample (data not shown), but did not occur in STl or 

ST3 (data not shown). The increased magnitude of peak j was observed for ST3 but not 

STl. 
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Figure 3.3 Comparison of HPLC separations for tryptic digests of band 3 purified from stored 
erythrocytes. A) A representative peptide separation for STl. B) A representative peptide separation for 
ST2. HPLC runs were performed using gradient C. 
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Figure 3.4 Comparison of HPLC separations for oyptic digests of band 3 purified from fresh erythrocytes. 
A) A representative peptide separation for ET12. B) A representative peptide separation for FR3. Both 
FR2 and FR3 were obtained from the same band 3 source but represent 2 different fractions digested side 
by side under the same conditions. HPLC runs were performed using gradient C. 
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CHAPTER 4 

CHARACTERIZATION OF BAND 3 TRYPTIC PEPTIDES FROM FRESH AND 

STORED ERYTHROCYTES BY LC/MS, DIRECT MS, AND MS/MS 

4.1 Materials and Methods 

Software for digest predictions and MS analysis 

Digest predictions for the human erythrocyte band 3 protein were performed 

using PAWS (Protein Analysis Worksheet by R. C. Beavis, New York 

University/Skirball Institute) and GCG (Genetics Computer Group, Inc.; Madison 

Wisconsin) sequence analysis software packages. For the PAWS software, the amino 

acid sequence of band 3 was manually entered and the predicted tryptic peptides and their 

masses were determined. For the GCG software, the mRNA sequence of human AEI 

(erythrocyte band 3, accession #M278I9) was translated into the corresponding amino 

acid sequence and tryptic digest predictions were generated using the peptidesort function 

of the software. This function not only predicts the resulting peptides and their masses, 

but also sorts them according to mass and predicted retention on a reverse phase HPLC 

system. Band 3 tryptic peptides predicted by complete digestion were numbered 

sequentially and this nomenclature is used throughout the analysis. 

Mass Spectra were generated using the ICIS 2 (Interactive Chemical Information 

System) instrument package supplied by Finnigan. MS spectra were generated and 

analyzed within the Chro progam of the ICIS 2 total instrument package. MS/MS spectra 
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were generated and compared to known band 3 peptides peptide sequences within the 

Bioworks software program (Finnigan). 

LC/MS analysis of band 3 tryptic digests 

On-line LC/MS of fresh and stored erythrocyte band 3 was performed using a 

Finnigan TSQ 7000 triple quadrupole mass spectrometer equipped with an electrospray 

ionization source in the Analytical Core Facility for the Center for Toxicology and the 

Arizona Cancer Center at the University of Arizona. HPLC separation of the band 3 

tryptic digests were performed using a Hewlett Packard 1050 HPLC system under the 

same conditions for gradient C as outlined in Chapter 3. UV absorbance at 215 nm was 

recorded to detect peptides. The reconstructed ion current (RIC) was recorded to detect 

mass signals. Automated MS/MS analysis of ions was not encoded within the instrument 

control language of this mass spectrometer and thus LC/MS/MS was not performed for 

fresh or stored erythrocyte band 3 peptides . Averaged mass spectra were derived for 

mass peaks using the background subtract function of the Chro software package. 

Alkylation , redigestion, and peptide separation 

Band 3 tryptic digest samples were alkylated with 4-vinyl pyridine (Sigma) and 

redigested to ensure denaturation of the protein or peptides and maximize the efficiency 

of tryptic digestion. Samples were concentrated to dryness in the Speedvac (Savant) to 

remove the 5% acetonitrile, 0.1% TFA in which they were suspended for HPLC analysis 

and resuspended in 0.1 M ammonium bicarbonate (Sigma), pH 8.0 (I ml). 4-Vinyl 
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pyridine was added to a 1% v/v concentration and the samples were covered in foil and 

alkylated overnight. The reaction was terminated by the addition of 2-mercaptoeihanol 

(Sigma) to a 2% v/v concentration. The alkylated samples were redigested with three 

additions of sequencing grade, modified trypsin (Boehringer Mannheim) at a 1/50 

enzyme to protein ratio over a 6 hour period at 37 C. Aliquots were taken prior to 

alkylation, after alkylation, and after redigestion. The trypsin digest control was 

subjected to the same alkylation and redigestion procedures. The STl sample was frozen 

and thawed between its resuspension in the bicarbonate buffer and the alkylating 

procedure, whereas the other samples were not. 

The alkylation and digestion procedures were analyzed by SDS-PAGE using a 

precast 16.5% Tris-Tricine gel (BioRad). Peptides were separated at lOOV for 2 hours on 

ice using a Mini-PROTEAN 11 cell (BioRab) electophoresis unit and a BioRad power pac 

300 power supply. Kaleidoscope polypeptide standards (BioRad) were used as molecular 

weight markers. Peptides were visualized with Coomassie G-250 (Serva) as described in 

Appendix C. 

HPLC analysis of the alkylated, redigested samples was the same as outlined in 

Chapter 3 except for the following modifications. To improve peptide separation and 

isolation, the gradient ramp time was doubled but the gradient shape was unaltered. The 

exact gradient was as follows: 5% acetonitrile (solvent B) for 5 minutes, 5 to 11% 

acetonitrile from 5 to 13 minutes, II to 41% acetonitrile from 13 to 73 minutes, 41 to 

95% acetonitrile from 73 to 125 minutes, 95% acetonitrile for 5 minutes. UV absorbance 

at 254 nm was also monitored using the Waters 490E programmable multiwavelength 
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detector and recorded with Maxima software to identify alkylated peptides, which absorb 

strongly at 254 nm. For chromatography of the FR and ST2 alkylated samples, the 

column was washed with 5% acetonitrile for 25 minutes after application of the sample 

before initiating the gradient and data collection. Peptide peaks were collected in 1.5 ml 

eppendorfs that had been boiled in methanol, and retention times inclusive for each 

fraction were recorded. 

Direct MS and MS/MS analysis of collected peaks 

For direct MS and MS/MS analysis of collected peptides, 50-200 ul of each 

HPLC fraction was applied to the Finnigan TSQ 7000 without prior concentration. An 

analyte stream of 50% water, 50% acetontrile, 0.1% TFA was utilized for MS 

(normalscan) and MS/MS (product) analysis. The derived spectrum for each mass peak 

(RIC) was generated using the background subtract function of the Chro software 

package. For MS/MS, an initial energy value of -25 eV was employed for peptide 

dissociation, but this value was increased to -35 eV to improve fragmentation. 
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4.2 Results 

LC7MS of band 3 tryptic digests 

Band 3 tryptic digests for fresh and stored erythrocytes were analyzed by LCA1S. 

The reproducibility of peptide separation from sample to sample was already established 

in the HPLC analysis of the band 3 tryptic digests (Chapter 3). Coupling of an on-line 

HPLC system to the Finnigan TSQ Mass spectrometer allows subsequent mass analysis 

of each peptide as it elutes from the reverse phase system. By using the same HPLC 

conditions as for the collection of peptide peaks (Chapter 3), the LC/MS chromatograms 

can compared to previous HPLC chromatograms and the peptide peaks can be correlated. 

The Waters HPLC system used for peak collection has a substantial volume 

(approximately 6 ml) between the gradient controller and the column, which was absent 

in the Hewlett Packard HPLC system used for LC/MS. This difference is exhibited as a 

substantial shift in retention times of peptide peaks from one instrument to another. 

However, since gradient conditions were the same for each instrument, the relative 

retentions of the peaks should be retained and visual comparison of the chromatograms 

would allow a direct correlation of peaks. 

Figure 4.1 shows the UV and RIC chromatograms for the ST2 LC/MS run. UV 

peaks are designated with letters corresponding to the same peaks in Figure 3.3B. 

Although the early UV peaks (a-d) correlate well with Figure 3.3B, the latter UV peaks 

are less consistent with previous HPLC runs. The large EUC peak beginning at 54 

minutes is due to the nonionic detergent, C12E8, for which both the oxidized and 
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nonoxidized species give strong mass signals (556.2 and 539.2, respectively - data not 

shown). Note that the UV absorbance at 215 nm does not correlate well with the RIC 

signal intensity of the peptides, particularly for peaks c and d. 
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Figure 4.1 LC/MS analysis of ST2 band 3 trypiic peptides. UV absorbance at 215 nm (top chromatogram) 
and reconstructed ion current (lower chromatogram) are shown. Peaks a-d correlate with peaks for the ST2 
HPLC run shown in Figure 3.3B. The other peptide peaks were not as easily correlated. 
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RIC mass peaks were individually analyzed using the background subtract option 

of the Chro ICIS program. Mass spectra were visually inspected to determine the masses 

of the peptides present in each RIC peak. Specific emphasis was placed on the 

identification of ion pairs to distinguish peptide signals from background noise. The 

quality of the mass spectra was not ideal. Many of the regions of the RIC produced mass 

spectra with significant background noise and did not exhibit significant mass signals. 

Many of the masses observed did not match to predicted sequences. Ion pairs were not 

readily observed in the great majority of scans. Mass "clusters" occurred commonly, 

preventing accurate mass assignment. Rather than a sharp mass signal, a broader range 

of mass signals (4-10 daltons) were present in the clusters. Precision of mass 

determination (within 1 dalton) is critical for correct mass correlation when dealing with 

such a complex mixture of peptides and many of the mass clusters observed had mass 

ranges as broad as 10 daltons. 

Mass spectra for many of the RIC peaks are shown in Figures 4.2 through 4.7. 

The averaged spectra for scans 688>699 (Figure 4.2) is extremely noisy, but the mass 

signal at 686 is likely the MH2+ for band 3 tryptic peptide T59. A possible 843/1686 

m/z ion pair is observed, but does not correlate to any predicted band 3 tryptic fragments. 

Averaged spectra for scans 831 >845 (Figure 4.3) produce a strong signal at 557.4 d, 

which is likely to be the MH+ for band 3 peptide T13. A 755.6/1508.8 ion pair is also 

observed for this RIC peak, but a "clustering" of mass signals is present rather than a 

single mass peak and these masses do not correlate to a predicted band 3 fragment. A 

sharp, strong mass signal occurs at 1379.4 for averaged scans 961 >967 (Figure 4.4), but 
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this mass does not match to predictions either. MH4+ (551.7), MH3+ (735.7). and 

MH2+ (1102.9) ions for the band 3 partial digest fragment T74-75 occur in scans 

979>979 (Figure 4.5), as does a 1300.1/1948.2 pair which does not match. Scans 

1209>1230 (Figure 4.6) indicate MH2+ signals for T17 at 734.4 and T20 at 1143.9 d. 

Strong signals at 1307 and 1958 likely represent MH3+ and MH2+ ions for the large RIC 

peak at scans 1385>1412 (Figure 4.7), but these do not match to predicted fragments and 

die clustering of the 1958 mass peak makes specific mass assignment difficult. 
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Figure 4.2 Averaged mass spectra for ST2 LC/MS scans 688>699. The mass signal at 686 is likely the 
MH2+ ion for T59. Signals at 843 and 1686 may represent an MH2+/MH+ pair. 
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Figure 4.3 Averaged mass spectra for ST2 LC/MS scans 831>845. The strong mass signal at 557.4 
matches the MH+ ion for band 3 tryptic fragment T13. Mass clusters at 755.6 and 1508.8 may represent an 
ion pair, but the 4 dalton broadness of the mass signals prevents accurate assignment and the approximate 
masses do not match to predicted fragments. 
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Figure 4.4 Averaged mass spectra for ST2 LC/MS scans 96l>967. The strong signal at 1379.4 does not 
match to predicted band 3 peptides. 
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Figure 4.5 Averaged mass spectra for ST2 LC/MS scans 972>979. MH2+, MH3+, and MH4+ ions were 
observed for the partial digest tryptic fragment T74-75. The strong signals at 1300.1 and 1948.2 appear to 
represent an ion pair but do not match predicted fragments. 
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Figure 4.6 Averaged mass spectra for ST2 LC/MS scans 1209>1230. Signals matching the MH2+ ions for 
TI7 and T20 are present. 
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Figure 4.7 Averaged mass spectra for ST2 LC/MS scans I385>14I2. Strong mass signals at 1307 and 
1958 may represent an ion pair, but clustering at 1958 prevents accurate mass assignment. These masses 
do not match predicted band 3 peptides. 
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Search for antigenic peptides 

The most direct approach for characterizing the antigenic regions of band 3 

(peptides T4I, T46, T63-64, and T65) would be to identify these peptide peaks in the 

HPLC chromatogram and collect them for detailed analysis. The software capabilities of 

die ICIS 2 package included with the mass spectrometer allows the identification of 

regions of the LC/MS chromatogram containing specified masses. In this manner, the 

mass spectra from the LC/MS run can be searched for a given mass, and peaks containing 

this mass identified. Visual comparison of the LC/MS UV chromatogram to previous 

EIPLC chromatograms for which peaks were collected would allow identification of 

which fractions might contain the peptide of interest. This strategy was applied to the 

LC/MS run of the FTl band 3 tryptic digest to search for andgenic peptides T4I (1125.3> 

and T46 (899.0). Fresh erythrocyte band 3 should contain the nadve, unmodified 

peptides which would provide a basis to search for the possibly modified peptides. 

Figure 4.8 show the UV chromatogram (C) and reconstructed ion current (D) for 

the LC/MS run of the FR band 3 tryptic digest. The UV chromatogram was not 

representative of the previous HPLC chromatograms, but a better correlation of peaks 

was observed than for the ST2 LC/MS run. Visual comparisons together with the 6-7 

minute offset allowed comparative assignment of the major peaks observed in the FR UV 

chromatograms (Figure 3.4), which are designated in Figure 4.8 by lower case letters. 

The top chromatograms indicate regions of the RIC for which strong mass signals for 900 

d (MH+ T46) and 1126.3 d (MH+ T41) occur. The strongest mass signal for 900 d (T46) 

occurs at retention time 19.80 (scan 793), just immediately upstream of peak e. Peak e 
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has a retention time of 27.85 for the ET12 HPLC run. FR2 HPLC fractions 11 (RT 26.43-

27.47) and 12 (RT 27.47-28.50) collected the regions just upstream of and including peak 

e. Similarly, the strongest signal for 1126.3 (T4I) occurs at 28.23 (scan 1131) just 

upstream of peak k, for which the HPLC retention time was 35.58. FR2 HPLC fractions 

19 (RT 34.40-35.40) and 20 (35.40-36.50) contain regions just upstream of and including 

peak k. 
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Figure 4.8 LC/MS analysis of FR band 3 tryptic peptides. UV absorbance at 215 nm (C) and reconstructed 
ion current (D) are shown. Key peaks correlating with peaks for the FR HPLC runs shown in Figure 3.4 
are indicated. Regions of the LC/MS run that contain signals for the T46 and T41 MH+ ions are shown in 
A) and B). respectively. 
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These collected HPLC fractions were analyzed by mass spectrometry 

(normalscan) to determine the primary peptides in each fraction and to confirm the 

presence of the mass of interest. Neither the MH+(450.5) or MH2+ (900.0) signal for 

T46 were present in the MS spectra for fraction 11. Both signals were observed for 

fraction 12. The 450.5 ion was selected for collision induced dissociation, as the MH2+ 

generally provides more sequencing information, and the resulting MS/MS spectra is 

shown in Figure 4.9 A. Note that although a mass of 450.5 was selected for product 

analysis, the major ion present occurs at 453.2 d. The predicted daughter ions for the T46 

peptide are shown in Figure 4.9B. Predicted ions do not match the observed ions, 

indicating that the peptide selected does not represent T46. 

Similarly, fractions 19 and 20 were analyzed by MS (normalscan) to verify the 

presence of ions which match to T41. Neither the MH+ (563.6) nor the MH2+ (1126.3) 

ions were observed for fraction 19 but were present for fraction 20. Collision induced 

dissociation of the 563.6 ion produced the MS/MS spectra shown in Figure 4. lOA. 

Observed daughter ions did not match to daughter ions predicted for T4I, shown in 

Figure 4. lOB. It is important to note that although both the MH+ and MH2+ ions were 

observed for T46 in fraction 12 and T41 in fraction 20, these signals were neither isolated 

nor significantly intense above background noise. 
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5  Phe 286 .1  300.1  291 .6  291 .1  224 _ f  216 .1  215 .6  

6  Pro  334 .7  348.7  340 .1  339,  .6  151 .1  142 .6  142 . 1  

7 Gly  363 .2  377.2  368 .7  368,  .2  102,  .6  94.  .1  93 .6  

8  Lys  427 .2  441.2  432 .  7  432,  .2  74 .1  65 .  5  65 .  1  

No.  
8 

Figure 4.9 MS/MS analysis of FR2 fraciion 12. A) MS/MS spectra generated by selection of mlz ion 
450.5 using a dissociation energy value of-25 eV. B) Predicted daughter ions for fragmentation of 
peptide T46. Note that the major ion selected is at 453.2 rather than 450.5 and the predicted ions do not 
match the spectta. 
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RBG #9 9 2.27 min (BSI •DJUJ 563.5 •  -25«V LKR AVBR CAS OP PROPl ( •45>4S.  SH 3} 

A 563.8 100 -I 

90 

60 -

40 

187.9 

I 3^.4 

1 
200 

361.3 
' 42: 

• 1 
400 

iL 
600 

B Charge:  1  

K Seq A B B*  Bo Yo No 
1 He 66 .1  114.  .1  97.1  96.  .1  1125,  .6  HOB .6  1107 .6  9 
2 Pbe 233 . ̂  261.  .2  244.1  243.  .1  1012,  .5  995.  .5  994 .5  a 
3 GLn 3€ l  . 2 369 .2 372.2  371 .2  865.  .5  848 .4  947 .4  7 
4 Asp 476 3 S04.  .2 4B7.2  486.  .2  737.  .4  720.  .4  719.  .4  6  
5 His  613 '3  641.  .3  624.3  623.  .3  622.  .4  6C5.  .3  604.  .4  5  
6 Pro 710 .4  738.  .4  721.3  720,  .3  485.  .3  468.  .3  467 .3  4  
7  L«u 823 .4  851.  .4  834.4  833.  .4  388.  .3  371.  .2  370.  .2  3  
8  G in  951,  .5  979.  .5  962.5  961.  .5  275.  ,2  258.  ,1  257.  ,2  2  
9  Lys  1079.  .6  1107.  6  1090.6  1089.  .6  147.  .1  130.  ,1  129,  1 L 

Charge:  2  

No- Seq A B a*  BO Y '  Y*  Yo Nc 

1  l ie  43 .6  57 -S 49.  .0 48 .5  563 .3  554,  .8  554,  .3  5  

2  Phe 117 .1  131.  .1  122.  .6  122.  .1  536 .8  498 2  497 .3  3 

3  G in  181 .  1  195 .1  186.  .  6  186.  .  1  433 .2  424 . 1  424 .2  7  

4  Asp 238 . 6  252 .6  244.  .1  243.  .S  369 .2  360 .7  360 .2  6 
5 H is  307 .2  321.  .2  312,  .6  312,  .2  311 .7  303,  .2  302.  .7  5 
6 Pro  355 .7  369 .7  361.  .2  360.  .7  243 .2  234 .6  234 .2  4 

7  Leu 412 .2  426 . 2  417.  .7  417 .2  194 .6  186 .1  185 .6  3 

8  G in  476.  .3  490 .3  481.  .  7  481.  .2  138 .1  129 .6  129 .1  2 

9  Lys  540 .3  554 .3  545.  .8  S4S .3  74 .1  65 .5  65 .1  1 

Figure 4.10 MS/MS analysis of FR2 firaclion 20. A) MS/MS spectra generated by selection of m/z ion 
563.5 using a dissociation energy value of -25 eV. B) Predicted daughter ions for fragmentation of 
peptide T41. Predicted ions do not match the spectra. 
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Alkylation and redigestion of band 3 digests 

To improve the quality of the MS spectra for the band 3 peptides, the digest 

samples were alkylated with 4 vinyl-pyridine and redigested with trypsin. Band 3 

contains five cysteine residues which may interfere with peptide analysis by forming 

disulfide linkages. Alkylation is also a recommended procedure prior to proteolytic 

digestion as it tends to open up the protein, making it more accessible to the protease 

(46). 

Figure 4.11 shows the Tris-Tricine SDS-PAGE analysis of the ST 1, ST2 and 

trypsin digest control samples before alkylation, after alkylation, and after redigestion. 

Modified trypsin (Boehringer Mannheim) runs at 100 kD. Complete digestion of band 3 

should produce two 6 kD fragments with the remainder of the peptides 4 kD or less. 

Several bands larger than 4 kD are observed, indicating that band 3 has not been 

completely digested. Alkylation and redigestion of the STl sample diminished the 

appearance of many of the bands, but this effect was not as apparent for the PTl and ST2 

samples. The STl sample had been frozen after resuspension in the bicarbonate buffer 

prior to redigestion, which likely improved the solubility of the larger, hydophobic band 

3 "chunks" or partial digest products. This phenomenon was also visually apparent as an 

insoluble precipitate remained in the ST2 and FR samples even after alkylation and 

redigestion. SDS-PAGE analysis of the FR alkylation and redigestion procedures was 

the same as for ST2 (data not shown). 

Repetition of the alkylating and redigestion procedures after freezing the FR and 

ST2 samples may have improved the extent of the digest, but a trade-off between 
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complete digestion and peptide breakdown due to extensive handling and procedures was 

an issue. The samples had been subjected to extensive purification procedures, long 

digestions, concentration to dryness, and repeated freeze-thaw cycles. Significant peptide 

breakdown could also diminish the quality of the MS spectra. 
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Figure 4.11 SDS-PAGE analysis of band 3 tryptic peptides before and after alkylation. Aliquots of the 
band 3 digests were taken before alkylation, after alkylation (alk), and after redigestion (alk, dig). TC is the 
trypsin control sample. BioRad kaleidoscope polypeptide standards were run as a molecular weight 
marker. 
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Peptide separation, peak collection, and direct MS analysis of STl 

Following alkylation and redigestion, the ST I band 3 tryptic peptides were 

separated by HPLC for collection using longer run times. Although LC/MS provides an 

efficient alternative to direct MS analysis of collected peaks, the quality of the LC/MS 

spectra may be suboptimal, particularly at higher flow rates. To improve the quality of 

the MS data and to provide samples for MS/MS analysis, peptides were separated by 

HPLC and individual peaks collected manually for direct injection. Longer run times 

were used to improve the separation of the peptides. The chromatograms for the 

separation of the alkylated, redigested STl sample are shown in Figure 4.12. Figure 

4.12A monitors absorbance at 215 nm, which detects the peptide backbone. Figure 

4.12B displays absorbance at 254 nm to monitor the alkylating agent. 

Figure 4.13 displays the 215 and 254 UV chromatograms for the trypsin control 

for the same gradient. Note that the large UV 254 peaks at 22.65 and 24.80 minutes are 

inherent in the controls and are not band 3 peptides. These same peaks correspond to 

20.28 and 22.95 in the STl chromatogram. Major trypsin peaks are also present at 44.83 

and 29.28 minutes, as well as other minor peaks. Alkylation is usually performed prior to 

the addition of trypsin. Although the trypsin used was modified to prevent autodigestion. 

alkylation of trypsin already present in the sample or the presence of 2-mercaptoethanol 

may have rendered the modified trypsin susceptible to autolysis, and peptide fragments of 

trypsin may thus be present in the band 3 digests. 
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Figure 4.12 HPLC separation of STl band 3 peptides following alkylation and redigesiion. Gradient 
conditions were as follows: 5% solvent B for 5 minutes, 5 to 11% B from 5 to 13 minutes, 11 to 41% B 
from 13 to 73 minutes, 41 to 95% B from 73 to 125 minutes, 95% B for 5 minutes. Solvent A is 0.1% TFA 
in water; solvent B is 0.85% TFA in acetonitrile. A) UV absorbance at 215 nm monitors the peptide 
backbone. B) UV absorbance at 254 nm monitors the alkylating agent. 
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Figure 4.13 HPLC separation of the trypsin control following alkylation and redigestion. Gradient 
conditions were as follows: 5% solvent B for 5 minutes, 5 to 11% B from 5 to 13 minutes. 11 to 41% B 
from 13 to 73 minutes, 41 to 95% B from 73 to 125 minutes, 95% B for 5 minutes. Solvent A is 0.1% TFA 
in water; solvent B is 0.85% TFA in acetonitriie. A) UV absorbance at 215 nm monitors the peptide 
backbone. B) UV absorbance at 254 nm monitors the alkylating agent. 
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Table 4.1 lists the peptide peaks which were analyzed by direct mass 

spectrometry (MS). Peaks were detected and numbered by the Maxima software package 

(Waters). Peak number and retention time are listed as well as the fraction number and 

exact region of the chromatogram contained within that fraction. Some fractions may 

contain more than one peak. Some peaks may contain more than one peptide. 

The mass spectrum for each fraction was analyzed for ion pairs as well as for 

obvious strong mass signals. The observed ions are also listed in Table 4.1 and are 

characterized by their charge when possible. Mass signals for which the charge could not 

be deduced are listed as uncertain. Deduction of charge was empirical, based on the 

presence of ion pairs or comparison to theoretical masses. Tryptic peptides whose 

theoretical ions match observed ions are listed. In some cases, the identity of a peptide 

was confirmed by tandem MS/MS and this is also indicated in Table 4.1. 

Eleven tryptic fragments were characterized, two of which represent partial digest 

fragments. Several of the MS scans did not produce signals that were easily 

distinguished from background noise or had many signals, none of which matched to 

predicted fragments. Strong m/z signals which did not match to predicted fragments 

occurred at 1267 and 1083. Since an ion pair was not observed for these signals the 

charge cannot be determined, but it is most likely +2 as these were the predominant 

species detected in this experiment. The true mass of these MH2+ ions would then be 

2532 and 2164, which differ from the closest band 3 fragment of lower mass by 65 and 

156 daltons, respectively. These shifts do not represent known modifications. The 1083 



signal is observed in the region for which large UV 215 and 254 peaks occur for the 

trypsin digest control and is thus unlikely to be a band 3 fragment. 

Figure 4.14 presents the peptide map for the STl band 3 tryptic digest. The 

region of the HPLC chromatogram (Figure 4.12) for which useful MS data was obtained 

is expanded. Peptides identified by MS or MS/MS of collected peaks are indicated. 

According to HPLC retentions predicted by the GCG software package, peptide T46 

should elute between peptides T23 and T50, and peptides T4I and T65 should elute 

between T50 and T16. Landmark peaks T23, T50, and T16 were identified for STl band 

3 peptides in the tryptic map. but the antigenic peptides were not identified. Not every 

fraction in these regions was analyzed either. 



p# RT F« start end MH4+ MH3+ MH2+ MH+ uncertain T« mass comment 

u 22.95 3 22.85 23.69 1 not a peptide 

16 26.82 8 26.22 27.40 
1 
1 1267 u/k 

19 29.41 12 28.97 29.72 528 23 1054.2 

20 29.80 13 29.72 30.56 noise 

22 31.22 15 30.97 32.07 noise 

26 39.38 24 39.28 39.74 noise 

27 40.00 25 39.74 40.41 431.7 50 662 MS/MS 

29 41.70 2B 41.60 42.21 i 770 I 73alk 1538.5 

31 44.69 31 44.30 45.04 1083 ;i/k no match 

33 45.56 33 45.45 45.85 1102 74-75 2202.2 

34 45.94 34 45.85 46.90 681 1022 14-45 2042.3 

35 47.41 35 46.90 48.05 734.1 17 1466.7 
38 50.22 40 50.18 50.67 noise 

39 50.88 41 50.67 51.38 1043.6 1390.6 16alk 4169.3 

43 ' 53.31 45 53.18 53.79 574.4 52 1147.4 

48 , 59.12 52 58.58 59.77 746.2 18 1490,7 MS/MS 
51 62.66 56 62.09 63.10 824.0 12K.2 30 2467.7 
63 ' 76.95 71 76.25 77.60 1318.0 1976.6 24alk 3950.4 

69 90.40 81 89.74 90.91 noise 
70 91.08 82 90.91 91.95 noise 

86 125.36 93 125.16 125.75 no match 

Table 4.1 MS and MS/MS analysis of ST I hand 3 tryplic jwplidcs. Hl'LC jieaks wcic idciuitkd and assigned numbers by Mnxiniu software. 
The rc'ieiiiion time (K1') of each peak is indicated as well as the fraction in which the peak was collected. Tlie start and end times for fraction 
collection are also indicated. Ml/ signals ob.served in each spectra are listed and the charge state is identified when possible. Ob.served signals 
Ibr which the charge state is not clearly evident are listed as "uncertain". Signals which match to predicted band ^ peptides are indicated. 
Peptides verified by MS/MS are also indicated. 
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analyte  s t reaiu ol  *<()• / (  ueetoui t r i le .  50 '< water ,  ( ) . ! '<  I 'FA.  I 'epl ides  ideiui l led in  each peak arc  indicated.  
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Peptide separation, peak collection, and direct MS analysis of FR 

Band 3 tryptic peptides for the alkylated FR sample were separated by HPLC and 

collected for MS analysis. Prior to initiation of the gradient, the column was washed with 

the initial buffer (5% acetonitrile) for 25 minutes after loading the sample to remove any 

residual contaminants that may have diminished the signal to noise ration for the STl 

analysis. Fewer UV 215 peaks were observed for the FR run than the STl. This may be 

due in part to a poorer tryptic digestion following alkylation or to a lesser protein load. 

Collected fractions were analyzed by MS to determine the peptide species present 

in each peak. Virtually every peak in the first 80 minutes of the HPLC run was analyzed. 

The results of these experiments are shown in Table 4.2 and Figure 4.15. Several 

peptides that were not detected in the STl analysis were identified for the FR sample. 

Several signals which did not match to predicted peptides were detected. Differences 

between deduced masses for these signals and predictions did not correlate with known 

modifications. Furthermore, the FR sample is intended to represent the unmodified band 

3 protein, devoid of age-related modifications. The antigenic peptides T41, T46, T65. 

and T63-64 were not identified for the FR band 3 digest. MS/MS analysis of ET?. band 3 

peptides was not performed. 



p« RT FH atari end MH4t MH3t MH2+ MH+ uncertain T# mass 
3 24,95 1 24.95 25.17 853.6 

4 1 26.04 2 26.00 26.40 530.4 

914.4 
5 28.71 3 28.10 29.35 528.1 23 1054.2 
6 29.66 4 29.35 30.23 i 475.5 950.8 21 949.1 

i t 673.3 

7 30.62 5 30.23 30.95 no match 
8.9 31.29 6 30.95 32.29 803.1 28-29 1604.7 
10 33.08 7 32.29 33.60 i many i no match 
11 36.60 10 36.20 37.20 577.8 
12 37.64 11 37.20 37.95 443.9 665.2 58 1328.6 

770.1 73alk 1538.5 , 
13 40.23 14 40.10 40.66 432.0 50 862.0 

649.8 974.0 11947.0) 
14 41.86 16 41.70 42.35 513.5 770.3 73alk 1538.5 * 

946.8 
15 i^.~98 18 43.20 44.50 1800.6 • •••« TRYPSIN 
17 46.09 21 45.85 46.70 681.8 1022 14-15 2042.3 

1079.8 
IB 49.83 25 48.75 50.27 828.5 1241.6 (2482.^ 

1707.0 
20 51.02 27 50.88 51.50 1043.9 1390.5 16alk 4169.8 

1595.21 2? 1S94.8 ^ 
1406.5 14? 1404.5 

21 51.67 28 51.50 52.75 735.8 1103.3 74-75 2202.2 
23 53.31 29 52.75 53.93 728.2 1091.6 i2182.6J » 

575.2 
i2182.6J 

52? 1147.4 
30 53.93 55.10 

24 55.40 31 55.10 55.80 746.4 18 1490 7 

1 

798.2 2? 1594 8 

1 1118 3 65? 1117.3 J 
25 55 95 32 55.80 56 50 626 7 939.6 19 1877.1 1 

33 

34 

56.50 

57.50 

57.50 
50 50 

no signal 

1594 2'? 

f 

1594.a 

lahlo 4.2 MS anal>si> t»l l-'K baiul } iryplic pcpiiilL's continual on next pajic 



27 59.26 35 58.70 59.90 746 4 1 18 1490,7 
28 60.45 37 60.22 61.13 1 1647.1 

30,31 62.72.63.40 39 62.25 63.50 824.2 1235.2 i 30 2467.7 
32 67.^1 43 67.10 68.00 763.1 1144.4 20 2286.6 
33 72.92 48 72,50 73.50 1388.3 37? 2776.4 

1847 5-6? 3689.1 
. . .  . . .  

34 77.05 52 76.60 77.75 988.6 1318.4 1977.1 24alk 3950.4 
575.6 52? 1147.4 

35 89.45 57 88.80 90.00 many no match 
36 90.46 58 90.00 91.00 many no match 
46 122.4S 68 122.17 122.85 561.6 no match 
47 125.82 69 125.62 126.37 many no match 

Table 4.2 MS analy.si.s of FR band .1 Jrypiie |)eptide.s. HPLC |Kak.s were identified and assigned nuinber.s by Maxima .software. The 
retention time (RT) of each peak i.s indicated as well as the fraction in which the peak was collected. Hie start and end times for fraction 
collection are al.so indicated. M/z signals ob.served in each spectra are listed and the charge state is identified when possible. Ob.served signals 
for which (he charge state is not clearly evident are listed as "uncertain". Signals which match to predicted band ^ peptides are indicated. 
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Peptide separation, peak collection, and direct MS analysis of ST2 

Stored erythrocyte band 3 tryptic peptides were further analyzed for the ST2 

digest sample. Again, a 25 minute wash of the column following sample load was 

performed to minimize contaminants in the early part of the peptide separation and to 

improve the quality of the MS spectra. Due to technical difficulties during diis 

separation, the retention times of the peaks are slightly shifted and resolution of peaks is 

not as sharp. Still, every peak in the first 80 minutes of peptide separation was collected 

and analyzed by mass spectrometry. The results of the MS and MS/MS analysis of the 

ST2 band 3 peptides are summarized in Table 4.3 and the peptide map is shown in Figure 

4.16. 

Virtually every peak in the HPLC chromatogram contained an identifiable band 3 

peptide. A few signals which did not match were identified, but no characteristic mass 

shifts from predicted fragments could be deduced. Software limitations prevented 

MS/MS interpretation in the absence of a suspected sequence. Possible signals for the 

antigenic peptides T41 and T46 were observed. MS/MS analysis of the 899.2 signal 

indicated that it was not peptide T46. MSAIS analysis of the 563.6 signal was 

inconclusive for peptide T41. Peptides T63-64 and T65 were not identified. 

Emphasis was not placed on MS analysis of the latter regions of the separation. 

Band 3 peptides within the 500 to 2000 dalton mass range, which is ideal for this type of 

analysis, eluted in the first 80 minutes. The few peaks from the latter region which were 

analyzed did not produce interpretable MS spectra. The nonionic detergent also elutes in 



the latter region of the chromatogram as a very broad peak (not detected by UV 

absorbance) which interferes with the ionization of the peptides. 



p# RT F# start end MH44 MH3+ MH2+ MH+ uncertain T# mass MS-MS 

1 : 27.73 1 27.68 28.73 475.5 21 949.1 

2 32.16 3 31.85 34.27 475.5 21 949.1 yes 
3 32.81 3 com cont 686.2 59 1370.5 ? 

563.6 41 1125.3 ? 
4 35.03 4 34.27 36.12 803.5 28-29 1604.7 

5 40.41 6 38.76 41.36 577.8 u/k 
6 42.12 7 41.36 42.80 770.3 73alk 1538.5 

665.3 
. . .  

58 1328.6 yes 
8 42.80 43.99 557.5 13 556.7 

T 
703.3 14 I464T5 

7 44.93 9 43.99 45.65 431.9 ^ 50 862.0 yes 
8 47.21 trypsin 

9 J 49.52 12 49.46 51.62 682.0 1021.8 14-15 2042.3 
10 S0.60 12 cont cont 1101.8 74-75 2262.2 
11 52.60 13 51.62 53.54 734.1 17 1466.7 

899.2 46? 899.0 NO 
12 54.92 14 53.54 55.67 1 1043.9 1390.8 16alk 4169.3 
13 56.32 15 55.67 57.48 735.7 1103.7 u/k 

759.1 1137.9 u/k 
14 1 58.30 16 57.48 59.13 574.5 52 1147.4 
16 60.11 17 59.13 61.10 939.3 19 1877.1 

18 61.10 63.13 798.5 2 1594.8 
16 63.95 19 63.13 65.20 746.2 18 1490.7 yes 

20 65.20 66.60 823.8 1235.3 30 2467.7 
17 r 66.96 21 66.60 68.65 824.0 1235.1 30 2467.7 
18 71.83 23 70.54 72.77 763.8 1144.1 20 2286.6 

486.2: 72 970.2 yes 
19 76.94 26 76.51 78.10 1231.1 I u/k 
20 80.67 28 79.79 81.92 988.6 1317.9 1976.5 24alk 3950.4 

liible 4.3 MS anil MS/MS analysis of S12 hand 3 iryptic iK'plides. HFLC peaks were idenlified and assigned niinihers hy Maxima software. 
The retention time (KT) of each peak i.s indicated as well as the Traction in which the peak was collected. The start and end times lor fraction 
collection are also indicated. M//. sij^nals ob.served in each s|)ecira are listed and the charge state is identified when po.ssible. Observed signals 
lor which the charge stale is not clearly evident arc listed as "uncertain". .Signals which nialch to predicted band ^ peptides are indicated. 
Peptides verified by MS/MS arc also indicated. 
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analyte stream of acelonitrile. .'SO'/J water, 0.1'/> ri-A. Peptides identified in each peak are indieated. 
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MS/MS analysis of peptides 

Tandem MS/MS analysis was performed on several peptides from stored 

erythrocyte band 3 tryptic digests to confirm the identity of the peptide. In most cases, 

the parent MH2+ ion identified in the mass spectral scan was selected for collision 

induced dissociation, and the daughter ions were analyzed within the Bioworks software 

package. The identity of the peptide selected was confirmed by comparing the 

experimental MS/MS spectra to predicted MS/MS spectra of the suspected peptide 

sequence. The three sites of cleavage within the peptide backbone produce a,b, or c type 

ions when the charge is retained at the N-terminus and x, y, or z ions when die charge is 

retained at the C-terminus (47). The most common C-terminal fragment produced is the 

y", which has accepted two hydrogen ions during fragmentation. A high correlation of 

daughter ions, particularly of the y" type, confirms that the selected species is indeed the 

suspected peptide. 

Confirmation of peptide sequence by MS/MS was performed for five tryptic 

peptides from old erythrocyte band 3 (Tables 4.1, 4.3). MS/MS analyses of other 

peptides were inconclusive due to poor fragmentation of the parent ion. Figure 4.17 

shows the MS and MS/MS spectra for peptide T50. The strong 431.9 signal present in 

the MS scan of ST2 fraction 9 matches the expected MH2+ for T50 and was selected for 

CID at 35 eV. Excellent fragmentation of this peptide occurred with seven of eight y" 

ions identified. 
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1 Leu 86 .1* 114 .1 97,  .1 96 .1 862 .5 845 .4 844 _ 5  8 
2 Ser 173 .1- 201 .1* 184.  ,1* 183 .I- 749.  .4* 732 .4 731,  '.A 7 
3 Val 272 .2 300 .2 2S3. .2 282.  .2* 662 .4* 645 .3* 644.  .3 e 
4 Pro 369 .3 397 .2 380,  ,2* 379 .2 563 .3* 546 .i' 545 .3'  5 
S Asp 484 .3 S12 .3 495.  .2 494 .3 466.  .2» 449 .2* 448 .2 4 
6 Gly ?41 .3 S69 .3 S52. ,3 551.  ,3 351.  .2« 334 .2' 333 .2 3 
7 Phe 688 .4 716 .4 699.  .3 698.  . 4  294. .2* 277 .2 276,  .2 2 
8 Lvs 316 .5 844 .5 827.  .4 826.  .4 147.  130.  .1* 129.  .1* 1 

Figure 4.17 MS and MS/MS analysis of band 3 peptide T50. A) MS scan? of ST2 fraction 9 indicate a 
strong MH2+ signal forTSO at 431.9. B) MS/MS spectra (35 eV) match eight of nine y" ions. 
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Figure 4.18 shows the MS and MS/MS analyses of the 746.2 ion detected in ST2 

fraction 19. This ion could represent either the MH2+ ion of T18 or the MH+ ion of T63. 

T63 comprises part of the band 3 region associated with antigenicity of senescent 

erythrocytes. Poor fragmentation of the peptide occurred and is manifested by a very 

intense signal from the parent ion (undissociated) with significantly weaker signals from 

the daughter ions. Comparison of the CID spectra to predictions for T63 was 

inconclusive, with only three of six y" ions detected (Table 4.4). Comparison to 

predictions for T18, however, positively identified the selected peptide despite the poor 

level of fragmentation, with ten of thirteen y" ions identified (Table 4.4). 
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Figure 4.18 MS and MS/MS analysis of the 746.2 ion. A) MS spectra of ST2 fraction 19 indicates a strong 
m/z ion present al 746.2, which may represent the MH2+ for T18 or the MH+ for T63. B) MS/MS spectra 
(35 eV) of the 746.2 ion match ten of thirteen y" ions for T18 but only three of six for T63 (Table 4.4). 



Table 4.4 Predicted daughter ions for CID of T63 and T18 

T63 

N o .  S e q  A  3  B »  B o  Y "  Y *  Y o  -So 
1  t i e  8 6  .  1  1 1 4  .  1  9 7  .  1  9 6  . 1  7 4 6  . 5 *  7 2 9  . 5  7 2 8  . 5  6  
2 Leu 1 9 9  . 2  2 2 7  . 2  2 1 3  .  1  2 0 9  . 2  6 3 3  . 4 *  6 1 6  . 4  6 1 5  . 4  5  

Leu 3 1 2  . 3  3 4 C ,  . 3  3 2 3  . 2  3 2 2  . 2  5 2 0  . 3  5 0 3  . 3  5 0 2  . 3  4  
4  L«u 4 2 5  . 3  4 5 3  . 3  4 3 5 ,  . 3  4 3 5 ,  . 3  4 0 7  . 3 *  3 9 0  . 2 '  3 8 9  . 3  1  

5  Phe 5 7 2 ,  . 4  6 0 0 ,  . 4  5 8 3 .  . 4  5 8 2 ,  . 4  2 9 4 ,  . 2  2 7 7  . 2  2 7 6  . 2  2  
6  Lys 7 0 0 ,  7 2 8 ,  . 5  7 1 1 ,  . 5  7 1 0 .  . 5 *  147 . 1  1 3 Q  .  1  129 . 1  1  

TI8 

N o .  Seq A  B  B '  3 o  Y *  Y *  Y o  N C  
1  AXa 4 4  . 1 *  7 2  . 0  5 5  . 0  5 4  f *  .  U  1 4 9 0  . 8  1 4 7 3  . 8  1 4 7 2  . 3  1 3  
2  Asp 1 5 9  . 1  1 8 7  * « 1 7 C  . 0  1 6 9  . 1  1419 . 8  1 4 0 2  .  7  1 4 C 1  . 8  1 2  
3  Phe 3 0 6  . 1  3 3 4  ! i *  3 1 7  . 1  3 1 6  . 1  1 3 0 4  . 7 '  1 2 8 7  .  7  1 2 8 6  ,  7  U  
4  Leu 419 . 2 - 4 4 7  . 2 *  4 3 0 ,  . 2  4 2 9  . 2  1 1 = 7 ,  . 7 «  1 1 4 0  .  6  1 1 3 9 ,  . 7 *  L C  
5  Gill 5 4 3 ,  3  •  5 7 6 ,  . 3 «  5 5 9 ,  .  2  5 5 8  . 3 '  1 0 4 4 ,  . 6 *  1 0 2 7  . 6 *  1 0 2 6 .  . 6  9  
6  Gin 6 7 6 ,  . 3  7 0 4 .  . 3 *  6 8 7 .  _  3  •  6 8 6 ,  . 3  9 1 5 .  _  c «  8 9 8 ,  . 5 «  8 9 7 ,  . 5  a  
7  Pro 7 7 3 ,  . 4  8 0 1 .  . 4  7 8 4 .  . 4  7 8 3  . 4  7 8 7 ,  _  5 *  7 7 0 ,  . 5  7 6 9 .  . 5  7  
8  Val 8 7 2 ,  . 5  9 0 0 .  . 4  8 8 3 .  . 4  8 8 2 ,  . 4  6 9 0 .  . 4  6 7 3  ,  . 4  S 7 2 .  .  4  c  

9  Leu 9 8 5 ,  . 5  1 0 1 3 .  . 5 «  9 9 6 .  . 5  9 9 5 .  . 5  5 9 1 .  , 4 *  5 7 4 ,  . 3  5 7 3 .  ,  4  5  
1 0  Gly 1 0 4 2 .  . 6  1 0 7 0 ,  . 6  1 0 5 3 .  . 5  1 0 5 2 .  . 5  4 7 8 .  . 3 "  4 6 1 ,  .  3  4 8 3 .  . 3  4  
i :  Phe 1 1 8 9 .  . 6  1 2 1 7 .  , 6  1 2 0 0 .  . 6  1 1 9 9 .  . 5  4 2 1 .  . 3 - 4 0 4 .  , 2  4 0 3  .  2  • 5  

1 2  V a l  1 2 8 8 .  . 7  1 3 1 6 .  7  1 2 9 9 .  , 7  1 2 9 8 .  . 7  2 7 4 .  2 '  2 5 7 .  2  2 5 6 .  2  2 
1 3  Arg 1 4 4 4 .  . 8  1472 . , 8  1 4 5 5 .  , 8  1 4 5 4 .  . 8  1 7 5 .  ,  1 *  1 5 8 .  ,  1  1 5 7 .  1 - 1 

Table 4.4 Predicted daughter ions for CID of T63 and T18. Only three of six y" ions for T63 match to the 
spectra shown in Figure 4.18, whereas ten of thirteen match for T18. Predictions and matches were made 
within the Bioworks software package. 
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Potential signals for antigenic peptides T4I (563.6) and T46 (899.2) were 

identified in ST2 fractions 3 and 11, respectively. The 899.2 signal detected in fraction 

11 was not extremely convincing, since the ion was 0.8 daltons shy of the expected MH+ 

of 900.0 (outside the 0.5 dalton error) and since MH2+ ions were the predominant species 

observed. No matches of predicted daughter ions were identified in the MS/MS spectra 

of the 899.2 ion (data not shown). 

A very weak signal at 563.6 detected in ST2 fraction 3 may represent the MH2+ 

for peptide T41, but MS/MS data was inconclusive (Figure 4.19). Fragmentation was 

poor, but a match of only two of nine y" ions strongly suggests that the selected molecule 

is not likely to be T4I. 
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N o .  Sea A  B  B *  B o  X' Y *  Y O  N o  

1  H e  4 3 ,  .  6  5 7  5  4 9  . 0  4 8  . 5  5 6 3 ,  . 3 «  5 5 4 ,  . 8  5 5 4  . 3 '  3  

2 Pbe 117 .  1  131 .  1  122 . 6  1 2 2  .  1  5 0 6  . 8  4 9 8  . 3  4 9 7  . 8  3  

3  Gin 1 8 1 .  . 1  1 9 5  . 1  186 . 6  1 8 6 ,  .  1  4 3 3  . 2  4 2 4  . 7  4 2 4  . 2  7  

4  A5P 2 3 8 ,  . 6  2 5 2  . 6  2 4 4  . 1  2 4 3 ,  . 6  3 6 9  . 2  3 6 0 ,  . 7  3 6 0 ,  . 2  6  

5  His 3 0 7  . 2  3 2 1  . 2  312 . 6  312 .2' 311 . 7 »  3 0 3  . 2  3 0 2  . 7  5  

6  Pro 3 5 5 ,  . 7 *  3 6 9  . 7  3 6 1  . 2  3 6 0  . 7  2 4 3  . 2  2 3 4  . 6  2 3 4  . 2  4  

7  Leu 4 1 2 ,  . 2  4 2 6  . 2  417 . 7  4 1 7 ,  . 2  1 9 4 ,  . 6  186 . 1  1 8 5  . 6  3  

8  Gin 4 7 6  . 3  4 9 0  . 3  4 8 1  . 7  4 8 1  . 2  138 . 1  129 . 6  129 . 1  2  

9  Lys 5 4 0 ,  . 3  5 5 4  . 3 * - 5 4 5  . 8  5 4 5  . 3  7 4  . 1  6 5  . 5  6 5 ,  .  1  

Figure 4.19 MS and MS/MS analysis of the 563.6 ion. A) A minor signal at 563.6 was detected in MS 
scans of ST2 fraction 3. B) MS/MS spectra only match two of nine y" ions for peptide T41. MS/MS 
spectra were generated at 35 eV. Predictions and matches were made within the Bioworks package. 



100 

Identification of peptides of interest 

Several m/z ions were identified in band 3 digests from fresh and stored 

erythrocytes that did not match to predicted peptides. Differences between deduced 

masses of unknown signals and theoretical masses did not reveal any shifts characteristic 

of post-translational modifications commonly associated with aging. Without a 

suspected amino acid sequence, the MS/MS data of unidentified signals could not be 

interpreted by the software available. Furthermore, the degree of fragmentation observed 

for most ions was insufficient for manual sequence determination. The unidentified 

signals may represent amino acid modifications, but they may also represent fragments of 

trypsin or molecules that are not peptides at all. 

The antigenic peptides of band 3 (T41, T46, T63-64, and T65) were not detected 

for fresh or stored erythrocytes in these experiments. A large portion of the band 3 

protein was, however, readily analyzed by MS and MS/MS procedures. Ideally, the 

analysis of age-associated modifications of band 3 should be performed using in vivo 

aged young and old erythrocytes. Unfortunatley, the number of young and old red cells 

available from human blood is insufficient for large scale purification of band 3. 
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CHAPTERS 

CHARACTERIZATION OF BAND 3 TRYTPIC PEPTIDES FROM IN VIVO 

AGED YOUNG AND OLD ERYTHROCYTES BY LC/MS/MS 

5.1 Materials and Methods 

Isolation of young and old red cells 

30 ml of whole blood was collected from an anonymous donor using 4.2 ml of 

citrate phosphate dextrose solution (Sigma) as an anticoagulant. Blood was transferred to 

sterile 50 ml centrifuge tubes and spun at 1200 rpm, 4 C for 10 min in a Jouan CR412 

centrifuge to separate the blood into a yellowish orange top layer of undiluted serum and 

a bottom layer of red cells. The serum layer was carefully removed by pasteur pipet, and 

Dulbecco's IX PBS w/o Ca, Mg (ICN) was added to the red cells up to the original 

volume of 30 ml. The diluted red cells were separated into two tubes of 15 mis each, 

diluted 1:2 in PBS and halved again to give 4 tubes of 15 ml diluted red cells each. 7.5 

ml of sterile ficoll-hypaque (Scientific Research Products) was added slowly to the 

bottom of the tube using a ficoll needle to carefully raise the layer of red cells. The cells 

were then spun at 1450 rpm, 18 C for 30 min to separate the sample into layers of dilute 

serum, lymphocytes, ficoll-hypaque, and red blood cells, top to bottom respectively. 

Each layer above the red cells was sequentially aspirated and the red cells were 

resuspended in an equal volume of sterile IX PBS with Ca, Mg. The diluted red cells 

were separated into young, middle-aged and old populations by density centrifugation 
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with 4 volumes of working percoll (Scientific Research Products) at 16,000 rpm, 4C for 

34 minutes. Young red blood cells were the uppermost layers followed by middle-aged 

and old red cells. 

Membrane preparation 

Young and old membranes were obtained by hypotonic lysis in 5 mM phosphate. 

1 mM EDTA, 1 mM EGTA, 1 mM DFP (Sigma), pH 8.0 (lysis buffer). Prior to lysis, the 

cells were washed three times in IX PBS with Ca, Mg in the 50 ml tubes in which they 

were collected with centrifugation at 3000 rpm for 10 minutes at 4 C. The washed cells 

were suspended in 1 ml of lysis buffer, transferred to 1.5 ml eppendorfs , and pelleted in 

the microcentrifuge at 14,000 rpm at 4 C. The supemate was aspirated and the ghost 

membranes were washed in 1 ml of lysis buffer until white and fluffy (usually 3-4 

washes). The protein concentration was determined by the method of Lowry and magic 

glue (20% v/v) was added to the membranes for storage and electrophoresis. Prior to 

electrophoresis, the samples were diluted 1:2 in 2X sample buffer and a 1/10 volume of 

SDS and a 1/50 volume of 1 M dithiothreitol (ICN) was added to m2iximize solubility. 

SDS-PAGE isolation of band 3 

Young and old erythrocyte membrane proteins were separated by SDS-PAGE 

using a 4-15% gradient ready gel (BioRad). Samples were heated at 95 C for 5 min prior 

to loading. 18 ul of sample, corresponding to 16.4 ug and 17.3 ug of protein for young 

and old erythrocyte membranes respectively, was loaded into each well. Membrane 



103 

proteins were separated using a BioRad mini-PROTEAN II electrophoresis system at 200 

volts for 45 minutes with a BioRad Power Pac 300 power supply. The gel was stained 

with 0.025% (w/v) Coomassie G-250 (Serva), 10% (v/v) acetic acid for 1 hour and 

destained with 10% acetic acid until bands were discernible. Band 3 was excised from 

the gel with a razor placed in an eppendorf at room temperature, and shipped overnight 

for LC/MS/MS analysis at the Beckman Research Institute of the City of Hope (Duarte, 

CA). 

Trypsin in-gel digestion 

A trypsin in-gel digestion of band 3 was performed as described by Hellman et al 

(48). Gel pieces containing band 3 from young and old erythrocytes were placed in 0.2 

M ammonium bicarbonate/50% acetonitrile and incubated at 30 C for 60 minutes with 

mixing. The liquid was discarded and the procedure repeated to destain the gel and the 

gel pieces were then dried in the Speedvac. 2-5 ul of 0.2 M ammonium bicarbonate, 

0.02% Tween-20 was added to each gel piece and a 1/50 ratio of trypsin to band 3 was 

added to each. The gel was reswelled completely by 5 ul additions of 0.2 M ammonium 

bicarbonate and incubated overnight at 30 C. The reaction was terminated by addition of 

1/10 the volume of 10% TFA. Peptides were extracted by two 40 minute treatments of 

100 ul 0.1 % TFA, 60% acetonitrile with mixing at 30 C. The extractions were combined 

and concentrated in the Speedvac. 
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LC7MS/MS analysis 

The tryptic peptides were analyzed using technologies that directly couple the 

liquid chromatographic separations to tandem mass spectral analysis (LC/MS/MS) 

described by Stahl et al (49). Mass spectrometry was performed using a Finnigan-MAT 

(San Jose, CA) LCQ Ion Trap mass spectrometer or a Finnigan-MAT TSQ-700 triple 

quadrupole mass spectrometer equipped with a Finnigan-MAT electrospray ionization 

source modified for electrospray (50). The electrospray source was coupled to a gradient 

capillary HPLC system. On-line separations were performed via a microscale HPLC 

system using a packed capillary column 6-8 cm long and 100 um i.d (51). Samples were 

analyzed by using linear gradients from 2 to 92% solvent B (A; 0.1% TFA in water, B: 

90% acetonitrile, 0.07 % TFA in water, v/v) over 35 minutes at 100-200 nanoliters per 

minute. Postcolumn UV detection at 100 nm was performed via an Applied Biosystems 

(Foster City, CA) 759A UV/VIS spectrophotometer equipped with a capillary flow-cell 

holder. Both the mass spectrometer and the HPLC system were controlled by a Digital 

Equipment Corp. (Merrimack, NH) DECStation 5000/240 computer running Finnigan 

ICIS data system software version 7.2 Programs for data acquisition and instrument 

control were developed within the Finnigan Instrument Control Language (ICL) version 

7.27. 

Precursor mass spectra were collected by scanning the first quadrupole analyzer 

of the triple quadrupole instrument or the ion trap of the LCQ from m/z 500 to 2000 or 

250 to 1500. Precursor ions were selected automatically for collision-induced 

decomposition (CID) at a collision energy of 22 eV or 35 eV and product ion spectra 



105 

were collected- Automated selection of precursor ions for MS/MS analysis was 

performed by the computer using a defined set of criteria. After each scan, the signal to 

noise ration (SNR) of the base peak (most intense m/z signal) was determined. SNR is 

defined as the intensity of a given mass divided by the standard deviation of the intensity 

of all signals in the spectrum. If the signal to noise ratio of the most intense signal (base 

peak) in the scan met the user-defined threshold. Lien that mass was compared to a user-

defined list of masses. The ICL program defined a list of masses to either select or reject 

for CED analysis. The list is a floating point, available through the ULIST view of the 

Finnigan TSQ data system, which can be updated between scans. If the base peak mass 

is rejected, the next most intense peak in the spectrum is considered until a mass is found 

that meets the criteria for CID analysis or the SNR drops below the minimum value. 

Tandem mass spectra were correlated with the OWL nonredundant composite 

protein sequence database version 26.0 using the SEQUEST database searching program 

by Eng and Yates (52). 
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5.2 Results 

Automated sequence information 

Band 3 tryptic peptides from young and old erythrocytes were analyzed by 

LC/MS/MS using two separate mass spectrometers to maximize data analysis of the 

samples. For both the young and old samples, a greater number of peptides were 

sequenced by the Ion Trap than the TSQ, but the TSQ did identify some peptides that 

escaped automated analysis by the Ion Trap. Ions were selected for automated MS/MS 

analysis within the ICL procedures as described in the Materials and Methods section. 

The resulting MS/MS spectra was correlated with a protein sequence database using the 

SEQUEST database searching software by Eng and Yates. The results of each 

LC/MS/MS experiment is summarized in Tables 5.1 through 5.4. A significant portion of 

the band 3 molecule was sequenced by this methodology. Many of the selected ions did 

not provide useful sequence information. This may be due to poor fragmentation, or the 

observed signal may not represent a peptide. Alternatively, a peptide which does not 

provide useful sequence information may contain a modification. Sequences are 

determined from MS/MS data by comparison to known sequences in the database. If the 

sequence of the peptide selected is not present in the database, then it will not be 

determined by SEQUEST software. 
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Table 5.1 TSQ LC/MS/MS Analysis of Young Erythrocyte Band 3 Tryptic Peptides 

Scan # MH3-t- MH2+ MH+ sequence T# Match 
259 1260.8 

268 1224.5 

269-270 534.9 1068.8 ILLLFKPPK 63-64 MS/MS 
298-293 530.8 1060.7 ? MS/MS 
295-299 685.6 1370.3 ? MS/MS 
304-305 536.4 1071.8 ? MS/MS 
307-311 803.7 1605.9 7 MS/MS 

312 881.1 

313-314 563.3 1125.6 ? MS/MS 
315 842.6 

325-329 753.4 1505.9 NVELQCLDADDAK 73 MS/MS 
331-335 1111.1 2221.2 ? MS/MS 

336 431.6 

341-345 1109.6 2218.1 ? MS/MS 
347-351 557.5 ALLLK 13 MS/MS 
356-357 1102.8 2204.6 ? MS/MS 
359-360 1104.7 2208.5 ? MS/MS 
362-366 1051.4 2101.7 ? MS/MS 
368-372 734.0 1466.9 IPPDSEATLVLVGR 17 MS/MS 
374-378 1115.9 2230.7 ? MS/MS 

379 1381.4 

385 1165.1 
392-395 798.4 1595.8 VYVELQELVMDEK 2 MS/MS 
397-401 940.4 1879.8 ? MS/MS 
403-407 938.3 1875.5 9 MS/MS 
414-417 746.9 1492.7 ADFLEQPVLGFVR 18 MS/MS 
419-423 1237.3 2473.6 ? MS/MS 
425-426 824.4 1647.7 ? MS/MS 
428-432 1236.0 2471.0 GLDLNGGPDDPLQQTGQLFGGLVR 30 MS/MS 
446-450 1116,5 2332.0 7 MS/MS 

460 1146.2 

461-465 762.8 1524.6 7 MS/MS 
466 966.6 

1393.2 

493 841.3 

1388.3 

504 1480.1 

Table 5.1 TSQ LC/MS/MS analysis of young erythrocyte band 3 tryptic peptides. Ions and the scans in 
which they occured are indicated. Masses and MS/MS sequences which match to predicted band 3 tryptic 
peptides were identified using the Eng/Yates Sequest program. A "?" indicates that mass was selected for 
automated MS/MS analysis but no sequence was determined. Peptide sequences in upper case letters 
indicate that peptide was sequenced by MS/MS. Lower case sequences indicate matches based on mass in 
the absence of sequencing data. Masses in bold were not detected for old erythrocyte band 3. 
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Table 5.2 Ion Trap LC/MS/MS Analysis of Young Erythrocyte Band 3 Tryptic Peptides 

Scan # MH3+ MH2+ MH+ sequence T# match 
74 659.9 eellr/nqelr 3,12 mass 
110 421.8 7 MS/MS 
120 494.8 vftk 8 mass 
129 462.7 twr 68 mass 
150 965.9 
156 522.9 fisr 38 mass 
159 650.9 rvftk 8? mass 

779.7 

162 536.4 1070.9 

175 389.2 
180 814.7 

181 656.7 
186 830.3 

573.7 

492.7 vftk 8 mass 
191 738.8 

193 432.8 eqr 60 mass 
201 530.8 ? MS/MS 
208 524.7 1045.7 
211 528.4 1054.7 idaymaqsr 23 mass 

941.7 

826.9 

216 673.7 1346.3 SVTHANALTVM'GK (met ox) 58 MS/MS 
217 1365.7 

222 764.0 WMEAAR 4 MS/MS 
226 688.0 1370.6 astpgaaaqiqevk 59 mass 

450.7 899.7 nssyfpgk 46 mass 
557.2 1111.6 

231 949.6 ? MS/MS 
232 659.6 eellr/nqelr 3,12 mass 
237 881.8 1762.6 ? MS/MS 
243 803.6 1606.2 ? MS/MS 
249 881.7 1762.4 ? MS/MS 
258 564.0 1127.0 ? MS/MS 
305 560.2 1119.4 YHPDVPYVK 65 MS/MS 
321 1328.9 SVTHANALTVMGK 58 MS/MS 
322 753.5 1504.5 
327 558.0 ALLLK 13 MS/MS 
340 843.3 
343 1110.8 
351 862.9 LSVPDGFK 50 MS/MS 
370 558.7 1118.3 
383 419.9 
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386 680.0 1357.8 
391 1109.7 

399 572.1 

408 1102.5 
416 783.5 1566.0 FIFEDQIRPQDR 10-11 MS/MS 
419 1050.2 2099.4 ? MS/MS 
432 1106.6 

434 734.5 1468.0 IPPDSEATLVLVGR 17 MS/MS 
443 734.5 1468.0 IPPDSEATLVLVGR 17 MS/MS 
455 930.1 1859.2 WVQLEENLGENGAWGR 5 MS/MS 
465 1035.0 
467 1379.6 2758.1 ? MS/MS 
468 806.4 1610.6 
491 ^ 127.2 2253.4 VYVELQELVM'DEKNQELR (met ox) 2-3 MS/MS 
498 574.9 1148.0 gwvihplglr 52 mass 
506 799.3 1597.6 VYVELQELVMDEK 2 MS/MS 
515 939.8 1878.6 7 MS/MS 
524 1069.1 ILLLFKPPK 63-64 MS/MS 
532 331.7 

541 1042.2 

552 747.0 1493.0 ADFLEQPVLGi=VR 18 MS/MS 
561 1646.7 3292.5 7 MS/MS 
562 1636.2 

573 1235.3 2469.6 GLDLNGGPDDPLQQTGQLFGGLVR 30 MS/MS 
586 583.2 

588 1114.3 2227.5 7 MS/MS 
616 971.2 VLLPLIFR 72 MS/MS 
633 1131.3 

1508.0 

639 777.6 1164.2 2327.4 gtvlldlqetslagvanqlldr 9 mass 
647 1144.5 2288.0 FLFVLLGPEAPHIDYTQLGR 20 MS/MS 
650 1395.8 2790.5 7 MS/MS 
654 981.6 
662 1363.3 2725.5 7 MS/MS 
668 1391.8 2782.5 7 MS/MS 
669 1114.3 

928.8 

Table 5.2 Ion trap LC/MS/MS analysis of young erythrocyte band 3 tryptic peptides. Ions and the scans in 
which they occured are indicated. Masses and MS/MS sequences which match to predicted band 3 tryptic 
peptides were identified using the Eng/Yates Sequest program. A indicates that mass was selected for 
automated MS/MS analysis but no sequence was determined. Peptide sequences in upper case letters 
indicate that peptide was sequenced by MS/MS. Lower case sequences indicate matches based on mass in 
the absence of sequencing data. Masses in bold were not detected for old erythrocyte band 3. 



Table 5.3 TSQ LC/MS/MS Analysis of Old Erythrocyte Band 3 Tryptic Peptides 

Scan # MH3+ MH2-f MH+ sequence T# match 
211 773.1 

322-325 686.4 1370.8 ? MS/MS 
334-338 803.7 1606.3 ? MS/MS 
349-353 753.9 1506.9 NVELQCLDADDAK 73 MS/MS 
355-359 558.1 ALLLK 13 MS/MS 
364-366 752.9 1504.8 NVELQCLDADDAK 73 MS/MS 
368-372 1110.2 2219.4 ? MS/MS 
374-375 1103.1 2205.1 ? MS/MS 
377-378 1104.5 2207.9 ? MS/MS 
383-387 1050.6 2100.2 ? MS/MS 

388 743.7 

395-399 1380.3 2760.7 ? MS/MS 
407-411 736.7 1472.5 ? MS/MS 
427-431 747.3 1493.5 ADFLEQPVLGFVR 18 MS/MS 
433-437 1235.1 2469.2 GLDLNGGPDDPLQQTGQLFGGLVR 30 MS/MS 
458-462 1166.0 2330.9 ? MS/MS 

Table 5.3 TSQ LC/MS/MS analysis of old erythrocyte band 3 tryptic peptides. Ions and the scans in which 
ihey occured are indicated. Masses and MS/MS se^^ences which match to predicted band 3 tryptic 
peptides were identified using the Eng/Yates Sequest program. A "?" indicates that mass was selected for 
automated MS/MS analysis but no sequence was determined. Peptide sequences in upper case letters 
indicate that peptide was sequenced by MS/MS. Masses in bold were not detected for young erythrocyte 
band 3. 



Table 5.4 Ion Trap LC/MS/MS Analysis of Old Erythrocyte Band 3 Tryptic Peptides 

Scan # MH3+ MH2+ MH+ sequence T# match 
164 515.9 
170 965.9 
196 388.8 
205 656.9 
238 528.8 1055.6 idaymaqsr 23 mass 
246 674.3 1347.9 ? MS/MS 
252 763.6 ? MS/MS 
255 686.6 1372.2 ? MS/MS 
261 949.8 AAATLMSER 21 MS/MS 
262 659.7 nqelr/eellr 3,12 mass 
267 803.4 1605.8 ? MS/MS 
271 843.1 1685.2 ? MS/MS 
274 803.9 1606.8 ? MS/MS 
280 881.7 1762.4 ? MS/MS 
289 564.6 1128.2 ? MS/MS 
303 803.5 1606.0 NQELRWM-EAARW (met ox) 3-4C MS/MS 
341 560.3 1119.6 YHPDVPYVK 65 MS/MS 
361 753.5 1506.0 ? MS/MS 
364 666.1 1331.2 SVTHANALTVMGK 58 MS/MS 
367 1328.9 SVTHANALTVMGK 58 MS/MS 
373 558.1 ALLLK 13 MS/MS 
383 697.0 

400 1110.5 
408 863.1 LSVPDGFK 50 MS/MS 
453 419.4 
462 680.7 1358.0 
499 1102.0 
510 783.4 1565.8 ? MS/MS 
513 1341.8 9 MS/MS 
516 783.4 1567.7 ? MS/MS 
537 734.6 1468.2 IPPDSEATLVLVGR 17 MS/MS 
544 1113.8 

1256.9 

546 735.0 1468.9 IPPDSEATLVLVGR 17 MS/MS 
563 930.8 1860.6 ? MS/MS 
569 1371.6 2742.2 7 MS/MS 
584 1379.8 2758.6 ? MS/MS 
585 1034.9 

806.3 1610.7 
597 736.6 1103.9 2206.8 fifedqirpqdreellr 10-12 mass 
630 799.0 1597.0 VYVELQELVMDEK 2 MS/MS 
644 939.7 1878.4 ? MS/MS 
653 1069.1 ILLLFKPPK 63-64 MS/MS 
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691 746.6 1492.2 ADFLEQPVLGFVR 18 MS/MS 
709 1646.8 3292.6 ? MS/MS 
722 1235.5 2471.0 GLDLNGGPDDPLQQTGQLFGGLVR 30 MS/MS 
743 1114.1 2227.2 ? MS/MS 
783 971.2 VLLPLIFR 72 MS/MS 
812 777.2 1164.1 2327.2 gtvlldlqetslagvanqlldr 9 mass 
820 1144.7 2288.4 FLR/LLGPEAPHiDYTQLGR 20 MS/MS 
832 981.0 1960.9 ? MS/MS 
858 1391.1 2781.2 ? MS/MS 

Table 5.4 Ion trap LC/MS/MS analysis of old erythrocyte band 3 tryptic peptides. Ions and the scans in 
which they occured are indicated. Masses and MS/MS sequences which match to predicted band 3 tryptic 
peptides were identified using the EngA'ates Sequest program. A indicates that mass was selected for 
automated MS/MS analysis but no sequence was determined. Peptide sequences in upper case letters 
indicate that peptide was sequenced by MS/MS. Lower case sequences indicate matches based on mass in 
the absence of sequencing data. In scan 303. 2-3C indicates chymotryptic cleavage with peptide T4. 
Masses in bold were not detected for young erythrocyte band 3. 



Automated analysis of band 3 peptides identified several masses which did not 

match to predicted band 3 tryptic fragments and which did not provide useful sequence 

information. Nine species were identified in band 3 from old erythrocytes that did not 

match to predicted sequences and that were not observed for band 3 peptides from young 

erythrocytes. However, of the nine species identified by either the triple quadrupole 

(TSQ) or the ion trap (LCQ), none of the species were detected by both. Suprisingly, 

many more masses or mass pairs, 59 in all, were observed for young erythrocyte band 3 

which did not match to predictions and which were not present in old erythrocyte band 3. 

These results strongly dampen the argument that the nine unmatched experimental 

masses identified by automated LC/MS/MS of old erythrocyte band 3 represent modified 

peptides. Furthermore, the unmatched masses of old do not have mass shifts from 

predicted peptides characteristic of an age-related modification. 

Manual sequence information 

Individual mass spectral scans from the TSQ for the LC/MS of old erythrocyte 

band 3 were analyzed in detail for the presence of ionization pairs. This analysis would 

reveal peptide mass signals that may have been present but failed to trigger automated 

MS/MS analysis. In all, 950 scans averaged in sets of five (190 LC/MS spectra) were 

visually analyzed to generate a list of peptide signals observed for old erythrocyte band 3. 

Table 5.5 lists the MH+, MH2+, and MH3+ signals identified for old erythrocyte band 3 

as well as the scan numbers in which these signals occur. The TSQ LC/MS scans for 

young erythrocyte band 3 were then analyzed for the presence of these signals. Scans 
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from young for which these signals were present are also indicated in Table 5.5. From 

this list, several additional band 3 peptides could be identified by theoretical mass. 

A second round of LC/MS/MS using the triple quadrupole was performed on the 

old erythocyte band 3 digest after redefining the floating array for CID selection criteria. 

Masses for which sequences had already been determined were removed from the list and 

masses specific for old band 3 were added to the selection criteria within the ICL 

procedures. The results of this LC/MS/MS analysis are also shown in Table 5.5. Several 

additional band 3 peptides were sequenced. Many of the selected masses did not provide 

useful sequence information. Additional rounds of analysis may have sequenced 

additional peptides that escaped detection in both the first and second round of analysis. 



Table 5.5 Mass Signals Identified by TSQ LC/MS of Old Erythrocyte Band 3 

scans old MH+ MH2+ MH3+ scans young T# theor. sequence found 
206 245 659.2 261 310 3 658.7 
206 240 713.7 356.7 
256 270 1097.6 548.3 
266 280 1550.5 775.9 
306 310 966.2 483.0 336 375 21 ox AAATLM*SER 
311 325 779.7 390.0 286 290 28 779.8 
311 315 1298.8 650.2 416 420 
316 320 795.7 
316 320 832.9 417.0 
316 330 1071.3 536.2 23ox 1070.2 (IDAYM*AQSR) 
321 325 1125.1 563.1 41 1125.3 IFQDHPLQK 
326 330 1123.9 562.4 41 1125.3 
336 345 530.4 265.7 391 405 
341 345 656.6 328.5 376 390 PAVLTR 
356 360 830.3 415.0 391 400 
361 365 843.8 422.1 401 405 29 842.9 
366 380 1054.6 527.8 411 415 23 1054.2 
366 370 659.2 330.4 426 430 12 658.7 
371 375 1046.3 523.3 406 410 Trypsin 
371 380 763.7 382.4 416 430 4 762.9 
371 375 1318.3 659.2 
376 380 659.9 329.8 421 430 12 658.7 
381 395 949.5 475.3 421 440 21 949.1 
381 395 899.5 450.3 421 430 46 899.0 
381 390 1345.4 673.3 411 420 58ox SVTHANALTVM'GK 
391 415 1371.7 686.1 411 450 59 1370.5 ASTPGAAAQIQEVK 
391 420 1605.6 803.4 431 465 28-29 1604.7 YQSSPAKPDSSFYK 
401 415 1126.4 563.7 441 470 41 1125.3 IFQDHPLQK 
406 415 1180.3 590.0 
421 435 842.5 422.1 451 495 29 842.9 
421 425 895.7 448.4 
431 450 1505.6 752.8 471 480 73alk NVELQC#LDADDAK 
431 445 557.3 279.2 481 540 13 556.7 

436 455 1329.4 665.0 476 510 58 1328.6 SVTHANALTVMGK 

446 450 1558.8 779.7 511 7 

451 480 863.0 431.7 491 540 50 862 

456 470 916.2 458.6 496 500 
456 465 1461.4 731.0 no sequence 

476 485 1358.2 679.7 516 525 42ox TYNYNVLM*VPK 

491 500 1342.2 671.4 536 545 42 1341.6 

496 520 1564.6 782.9 546 555 
501 525 1050.2 700.2 536 570 no sequence 

505 530 1467.8 734.2 551 585 17 1466.7 IPPDSEATLVLVGR 
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521 530 1612 806.0 566 585 
531 550 1103.3 735.5 526 540 
536 540 2260.0 1129.6 753.4 
536 555 1596.0 798.3 591 620 2 1594.8 
541 545 836.1 418.9 
546 550 1617.8 809.2 
546 550 1148.2 574.6 601 635 52 1147.4 
556 575 1069.4 534.9 616 635 63-64 1068.4 ILLLFKPPK 
566 580 1491.5 746.4 621 680 18 1490.7 
581 600 1262.3 841.9 
601 625 1235.4 631 680 30 2467.7 GLDLNGGPDDPLQ 

QTGGLFGGLVR 
601 605 1670.3 1114.2 656 665 
611 635 971.3 486.2 681 760 72 970.2 
616 630 993.1 497.1 
626 635 1175.8 783.5 701 710 
631 635 970.7 485.5 726 730 72 970.2 
631 640 1164.2 776.5 681 705 9 2326.6 
636 640 1144.4 701 755 20 2286.6 
641 645 1667.7 834.2 
646 650 1471.0 980.9 43 
656 720 1391.5 716 730 37 2776.4 
671 745 1390.9 736 740 
671 695 1323.6 53 3970.8 
671 680 1286.0 
681 695 1286.6 
676 705 1009.8 
686 695 1010.4 
676 705 1587.0 49 3172.7 
691 710 1320.4 659.9 

Table 5.5 Mass signals identified by TSQ LC/MS of old erythrocyte band 3. Mass signals are 
characterized as m/z ratios. The scans in which they occur for old band 3 are listed in the first two 
columns. Scans from young band 3 containing these signals are also listed. T# indicates the theoretical 
band 3 tryptic peptides which match the observed signals and their theoretical masses are listed. The 
sequence of peptides identified by MS/MS are shown. The sequence of the 536.2 MH2+ ion shown in 
parentheses was identified by manual inspection of the MS/MS data and not by the database search. 



117 

Total sequence information 

The results of the mass spectral analyses performed on both young and old and 

stored and fresh erythrocyte band 3 are summarized in Table 5.6. Each of the band 3 

tryptic peptides are listed with their theoretical masses. Peptides identified by mass and 

those confirmed by MS/MS are indicated for each of the four sample types. LC/MS/MS 

analysis of young erythrocyte band 3 by either the TSQ or the ion trap identified 33 of the 

75 band 3 peptides (37% of the protein by mass), 16 of which were sequenced by 

MS/MS. Thirty three band 3 peptides were identified in old erythrocyte band 3 (44.3% 

of the protein by mass) with 20 peptides sequenced by MS/MS. For the MS analysis of 

fresh and stored erythrocyte band 3 (Chapter 4), 18 peptides (28.3%) were identified in 

fresh and 24 peptides (34.7%) identified in stored samples, with MS/MS sequence 

confirmation of 5 peptides. A total of 44 peptides were identified in one of the band 3 

digests, covering 61% of the band 3 polypeptide. More emphasis was placed on detailed 

analysis of old and stored erythrocyte samples, and thus a greater percentage of the 

protein was characterized in these samples than for young or fresh erythocytes. 

Many of the band 3 tryptic peptides were not expected to yield useful sequencing 

information. Mass spectral analysis is optimal when both the MH+ and the MH2+ ions 

fall within the 500 to 2000 m/z range. Twenty three of the predicted peptides are less 

than 500 daltons in mass. Peptide T1 has a mass of 6541.7 daltons. Peptide T51 is 

glycosylated. Twelve of the peptides are extremely sticky; they are large hydrophobic 

molecules of mass greater than 2 kD with a predicted retention value (predicted by the 

GCG software program) exceeding 100.0. These peptides were not expected to elute 
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from the gel piece for the analysis of young and old band 3. and they eluted in the same 

HPLC region as the nonionic detergent (which strongly interferes with peptide 

ionization) for the fresh and stored purification samples. Excluding these exceptions, all 

but two band 3 tryptic peptides were characterized, peptides T6 (1849.1 d) and T25 

(529.6 d). Removing those peptides from the calculations, 66.7% of band 3 polypeptide 

for which met criteria for MS/MS analysis of the tryptic digests was characterized for 

young erythrocyte band 3 and 64.4% characterized for old. Of the band 3 peptides 

meeting criteria, 57.2% were identified for fresh erythrocytes and 70.2% identified for 

stored. In all, with 95.3% of the band 3 protein which met criteria for peptide analysis 

was characterized in one of the samples, with 55% sequenced by MS/MS. 

The sequence of human erythrocyte band 3 is shown in Figure 5.1. Band 3 

fragments identified by mass spectral analysis are in bold. Masses sequenced by MS/MS 

are underlined. 



Table 5.6 Summary of Band 3 Tryptic Peptides Characterized 

T# mass Young Old Fresh Stored Comment 
1 6541.7 not expected 
2 1594.8 MS/MS MS/MS mass mass oxidation site 
3 658.7 MS/MS mass* shares mass with T12 
4 762.9 MS/MS mass oxidation site 
5 1858.0 MS/MS 
6 1849.1 
7 174.2 not expected 
8 493.6 mass not expected 
9 2326.6 mass mass 
10 1067.2 MS/MS mass 
11 514.5 mass 
12 658.7 mass* mass* shares mass with T3 
13 556.7 MS/MS MS/MS mass 
14 1404.5 mass mass partial digest 
15 655.8 MS/MS mass mass partial digest 
16 4064.3 mass mass 
17 1466.7 MS/MS MS/MS mass 
18 1490.7 MS/MS MS/MS mass MS/MS 
19 1877.1 mass mass 
20 2286.6 MS/MS MS/MS mass mass 
21 949.1 mass MS/MS mass MS/MS oxidation site 
22 420.5 not expected 
23 1054.2 mass MS/MS mass mass oxidation site 
24 3845.4 mass mass 
25 529.6 
26 174.2 not expected 
27 174.2 not expected 
28 779.8 mass MS/MS mass mass partial digest 
29 842.9 mass MS/MS mass mass partial digest 
30 2467.7 MS/MS MS/MS mass mass 
31 402.4 not expected 
32 174.2 not expected 
33 174.2 not expected 
34 4444.1 not expected 
35 275.3 not expected 
36 6207.2 not expected 
37 2776.4 mass mass not expected 
38 521.6 mass 
39 2590.0 not expected 
40 372.5 not expected 

41 1125.3 mass MS/MS mass possible deamidation 
42 1341.6 mass MS/MS oxidation site 
43 2937.6 mass not expected 
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44 146.2 not expected 
45 239.4 not expected 
46 899.0 mass mass 
47 287.4 not expected 
48 174.2 not expected 
49 3172.7 mass not expected 
50 862.0 MS/MS MS/MS mass MS/MS 
51 719.7 glycosylated 
52 1147.4 mass mass mass 
53 3970.8 mass not expected 
54 400.4 not expected 
55 146.2 not expected 
56 376.5 not expected 
57 3273.9 not expected 
58 1328.6 MS/MS MS/MS mass MS/MS oxidation site 
59 1370.5 mass MS/MS mass 
60 431.5 mass not expected 
61 2293.8 not expected 
62 2871.4 not expected 
63 746 MS/MS MS/MS partial digest 
64 340.4 MS/MS MS/MS partial digest 
65 1117.3 MS/MS MS/MS 
66 174.2 not expected 
67 245.3 not expected 
68 461.5 mass not expected 
69 2184.8 not expected 
70 2008.4 not expected 
71 174.2 not expected 
72 970.2 MS/MS MS/MS MS/MS 
73 1433.5 MS/MS MS/MS mass mass 
74 1053.0 mass mass partial digest 
75 1167.2 mass mass partial digest 

Table 5.6 Summary of band 3 tryptic peptides characterized. The 75 band 3 tryptic fragments and their 
theoretical masses are listed in the first two columns. Peptides identified in young, old, fresh, or stored 
erythrocytes by mass or MS/MS analysis are shown. Partial digest fragments and oxidized peptides are 
indicated, as well as peptides did not meet the criteria for proper peptide analysis. 
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1 M E E L Q D D Y E D M M E E N L E Q E E Y E D P D r  P E S Q 30 
31 M E E P A A H D T E A T A T D Y H T T S H P G T H K V Y V E 60 
61 L Q B II V M D E K N Q E Z. R W 11 E A A R W V Q L E E N I. G E 90 
91 N G A W G R P H L S H L T F w S L L E L R R V F T K G T V L 120 

121 L D L Q E T S L A G V A M Q L L D R F I F E D Q I R P Q D R 150 
151 E E L I. R A I. IF Z. K H S H A G E L E A L G G V K P A V L T R 180 
181 S G D P S Q P L Z. P Q H S S ZI E T Q L F C E Q G D G G T E G 210 
211 H S P s  G I  z.  E K I  P P D s  E A T L V L V G R A D F L E Q P 240 
241 V z.  G P V R L Q E A A E L E A V E L P V p I  R F ZI F V II L G 27Q 
271 P E A p H I  D Y T Q Z. G R A A A T L M S E R V F R I D A Y M 300 
301 A Q S R G E Is L H s  ZI E G F L O C S Z. V L P P T D A P S E Q 330 
331 A L L S L V P V Q R E L L R R R Y Q S S P A K P O S S F Y K 360 
361 G Z. D L NT G G P D O P L Q <2 T G Q L F G G Is V R D I  R R R Y 390 
391 P Y Y L S D I  T D A F S P Q V L A A V I  F I  Y F A A L S P A 420 
421 T T F G G L L G E K T R N Q M G V S E L L I  S T A V Q G I  L 450 
451 F A L L G A Q P L L V V G F S G P L L V F E E A F F S F C E 480 
481 T N G L E Y I  V G R V W I G F W Z. I L L V V Z. V V A F E G S 510 
511 P I. V R F I S R Y T Q E I  F S F L I  S L I  F r  Y E T F S K L 540 
541 I  K I P Q O H P Z. Q K T Y N Y N V L H V P K p Q G P II P N T 570 
571 A II L S L V I. M A G T F F F A M M L R K F K N s S Y F P G K 600 
601 L R R V I G D F G V P X S I  L I  M V L V D F F I  Q D T Y T Q 630 
631 K li S V P D G F K V S N s  S A R G W V I  H P Z. G L R S E F P 660 
661 X W M H F A S A Z. P A Z. L V F I  L I  F L E S Q I  T T L I  V S 690 
691 K P E R K M V K G s G F H L D L L L V V G M G G V A A L F G 720 
721 M P W L S A T T V R S V T H A N A L T V M G K A s T P G A A 750 
751 A Q I Q E V K E Q R I  s G L L V A V L V G L S I  L M E P I  L 780 
781 S R I  P L A V L F G I  F L Y M G V T S L S G I  Q L F D R X L 810 
811 L I .  F K P P K Y H P D V P Y V K R V K T W R M H L F T G I  Q 840 
841 r  I  C L A V L W V V K s  T P A S L A L P F V L I  L T V P L R 870 
871 R V II I. P I. I F R N V E L Q C L D A D D A K A T F D E E E G 900 
901 R D E Y D E V A M P V 

Figure 5.1 Amino acid sequence of band 3. Fragments of band 3 identified by mass analysis are in bold. 
Band 3 fragments identified by MS/MS sequence analysis are underlined. 



Characterization of peptides T41, T46, T62-64, and T65 

All four tryptic peptides comprising the proposed antigenic regions of band 3 

were identified for both young and old erythrocyte membranes. Band 3 peptides T63-64 

(ILLLFKPPK, mass 1068.4) and T65 (YHPDVPYVK, mass 1117.3) were selected for 

automated MS/MS analysis for both young and old erythrocytes using the LCQ Ion Trap. 

Figure 5.2 shows mass spectral scans from the first quadrupole of the TSQ containing 

mass signals for the T63-64 partial digest fragment. Cleavage within this partial 

fragment is inhibited by structural constraints conferred by a pair of prolines following 

the lysine of T63. Scans were averaged in sets of five for LC/MS analysis. For young 

erythrocyte band 3 (Figure 5.2A) MH+ and MH2+ ions for T63-64 occur at 1069.3 and 

535.1. These ions are detected at 1069.4 and 535.1 in the scans for old erythrocyte band 

3 (Figure 5.2B). The scan numbers or exact retention times for which the peptides eluted 

are not the same from run to run, but relative retention is conserved. Note that for both 

young and old, signals for T2 and T19 occur in the same scans as signals for T63-64. 

The 1878.8/940.0 signals in young and the 939.3 signal in old match to peptide T19 

(mass of 1877.1). The 1596/798 pair present in both scans matches to peptide T2 

(1594.8). 
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Figure 5.2 LC/MS analysis of band 3 tryptic peptide T63-64 from young and old erythrocytes. Mass 
spectra for young (A) was collected by scanning the first quadnipole analyzer from m/z 500 to 2000. Mass 
spectra for old (B) was collected from m/z 250 to 1750. MH+ and MH2-i- signals matching to T63-64 are 
present in LC/MS scans for young (1069.3/535.1) and old (1069.4/534.9) tryptic digests. The 1596/798 
pair present in both scans matches to band 3 peptide T2, and the 1879/940 pair matches to T19. Scans are 
averaged in sets of five. 
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Figiire 5.3 shows the MS/MS spectra for the 1069.1 MH+ ion selected for 

automated analysis of old erythrocyte band 3 generated by the LCQ (ion trap) and the 

results of the SEQUEST database search. The ten best matches of the MS/MS spectra are 

shown. Matches are based on the m/z value and mass of the daughter ions. Peptide T63-

64 provides the best match, with 11 of 24 daughter ions observed. Five of eight y ions 

were observed. Of the top ten matches, only T63-64 represents a tryptic fragment. 
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IT fM+HH Ions Reference Peptide 
1 1069.4 11/24 AEl, Band (R) ILLLFKPPK 
2 1070.2 12/27 AEl, Band (T) RSGDPSQPLL 
3 1067.1 9/27 AEl, Band (C) LDADDAKATF 
4 1069.3 9/27 AEl, Band (S) EQALLSLVPV 
5 1071.3 6/21 AEl, Band (R) VKTWRMHL 
6 1069.4 9/24 AEl, Band (E) ELLRALLLK 
7 1070.3 9/24 AEl, Band (R) EELLRALLL 
8 1069.1 8/27 AEl, Band (L) DADDAKATFD 
9 1066.2 7/24 AEl, Band (E) AFFSFCETN 

10 1068.3 8/27 AEl, Band (E) QALLSLVPVQ 

U rr a ions b ions V ions 
1 I 86.2 114.2 956.2 
2 L 199.3 227.3 843.1-
3 L 312.5 340.5+ 729.9-
4 L 425.6 453.6+ 616.8-
5 F 572.8-^ 600.8+ 469.6-
6 K 701.0 729.0+ 341.4-
7 P 798.1 826.1- 244.3 
8 P 895.2 923.2 147.2 
9 K 

Figure 5.3 MS/MS analysis of the band 3 peptide T63-64. The MS/MS data shown was generated using 
the LCQ Ion Trap by CID of the 1069.1 MH+ parent ion at 35 eV. The MS/MS spectra shown is for old 
erythrocyte band 3 peptides. The results of the SEQUEST data base search are shown. The top ten peptide 
matches are ranked (left). Predicted a, b, and y daughter ions for the best match is shown (left) and ions 
present in the mass spectra are indicated by a 
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MS/MS data for antigenic peptide T65 (YHPDVPYVK, mass 1117.3) is shown 

in Figure 5.4. This peptide was sequenced by automatic selection using the LCQ for 

both young and old erythrocyte band 3. In this case, the 560.3 (MH2+) ion was selected 

for CID. Nine of the 24 predicted daughter ions and four of eight y ions for T65 were 

detected in the MS/MS data. Of the top ten matches, only the best match, T65, actually 

represents a tryptic fragment. 
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rr (M-H)^ Ions Reference Pentide u. 
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1 1118.3 9/24 AEl, Band (K) YHPDVPYVK 1 Y 136.2 164.2-r 955.1 
2 1122.3 7/24 AEl, Band (I) FRNVELQCL 2 H 273.3- 301.3- S17.9-
3 1118.3 8/33 AEl, Band (F) AALSPAITFGGL 3 P 370.4 398.4 720.8 
4 1120.3 10/30 AEl, Band (V) PKPQGPLPNTA 4 D 485.5 513.5- 605.7-
5 1120.3 6/27 AEl, Band (T) NGLEYT/GRV 5 V 584.7 612.7 506.6-
6 1121.3 10/30 AEl, Band (K) PQGPLPNT.ALL 6 P 681.8 709.8 409.5-
7 1121.3 4/24 AEl. Band (H) KVYVELQEL 7 Y 844.9 872.9- 246.3 
8 1119.3 5/27 AEl, Band (T) QKLSVPDGFK 8 V 944.1 972.1 147.2 
9 1118.3 7/24 AEl, Band (R) KFKNSSYFP 9 K 

10 1121.2 6/27 AEl, Band (N) VELQCLDADD 

Figure 5.4 MS/MS analysis of the band 3 peptide T65. The MS/MS data shown was generated using the 
LCQ Ion Trap by CID of the 560.3 MH2+ parent ion at 35 eV. The MS/MS spectra shown is for old 
erythrocyte band 3 peptides. The results of the SEQUEST data base search are shown. The top ten peptide 
matches are ranked (left). Predicted a, b, and y daughter ions for the best match is shown (left) and ions 
present in the mass spectra are indicated by a 
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Characteristic MH+ and MH2+ signals for band 3 peptide T46 (NSSYFPGK, 

mass 899.0) were identified in the TSQ LC/MS scans of old erythrocyte band 3 at 450.3 

and 899.5 (Figure 5.5). The MH+ signal for T46 occurred for young at 900.1, but the 

first quadrupole was not scanned below 500 units so the MH2+ was not examined. 

Strong signals for T21 (mass of 949.1) and T59 (1370.5) were also present in these scans. 

For young, a 685.8/1372.4 pair was observed for T59, and a strong signal at 950.1 (MH-) 

for T21 was present. For old, a 686.1/1371.7 pair for T59 and a 475.3/950.2 pair for T21 

were present. Both of these peptides were sequenced by MS/MS during the second round 

of TSQ analysis of old erythrocyte band 3 (Table 5.5). Peptide T46 was also identified 

by mass in the LCQ analysis of young erythroc3^e band 3 (Table 5.2) but was not 

selected for automated MS/MS analysis. 
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Figure 5.5 LC/MS analysis of band 3 tryptic peptide T46 firotn young and old erythrocytes. Mass spectra 
for young (A) was collected by scanning the first quadrupole analyzer firom m/z 500 to 2000. Mass spectra 
for old (B) was collected from m/z 250 to 1750. MH+ and MH2+ signals matching to T46 are present in 
LC/MS scans for young (900.1) and old (899.5/450.3) tryptic digests. The 1372/686 pair present in both 
scans matches to band 3 peptide T59, and the 950/475 pair matches to T21. Scans are averaged in sets of 
five. 



Pqjtide T41 (EFQDHPLQK, 1125.3) was identified in two distinct regions of the 

LC separation of old erythrocyte band 3 tryptic peptides, suggesting a possible 

deamidation. Peptide T4l was identified in scans 32I>325 and scans 401>415 of the 

TSQ LC/MS data for old erythrocyte band 3. Certain modifications, particularly 

oxidation, deamidation, and phosphorylation, can alter the retention properties of a given 

peptide. Although the appropriate MH+/MH2+ pair for this peptide was observed at the 

latter site for young erythrocyte band 3, it was not detected at the former. Although a 

deamidation cannot be confimied by the methodologies employed, a shift in HPLC 

retention (as would be expected to accompany deamidation) in old but not young old 

band 3 suggests deamidation as a possible age-associated event 

Figxu-e 5.6 shows the TSQ LC/MS scans for which m/z ions matching to peptide 

T41 are present for young (A) and old (B,C) erythrocyte band 3. For young, MH+ and 

MH2+ signals for T41 occur at 1126.7 and 563.2, respectively. Peptide signals for T59 

(686.4/1372.4) and the partial digest fragment T28-29 (803.3/1606.1) are also present. 

Peptide T41 elutes just shortly after T46, with T59 intermediate. Therefore signals for 

peptide T59 are observed in the scans shown for both T46 and T41. For old erythrocyte 

band 3 (Figure 5.6B), signals for T41 (563.7, 1126.4) are also detected with signals for 

T59 (686.1,1371.7) and T28-29 (803.4, 1605.6). MH+ and MH2+ ions matching to T41 

also occur earlier in the separation (Figure 5.6C) at 1125.1 and 563.1, respectively. MH+ 

(779.7) and MH2+ (390.0) for T28 (779.8) are also present in these averaged scans. The 

strong MH+/MH2+ pair at 1071.3/536.2 represents peptide T23 with an oxidized 

methionine (discussed below). 
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Figure 5.6 LC/MS analysis of band 3 tryptic peptide T41 from young and old erythrocytes. MH+ (1126) 
and MH2+ (563) signals matching to T41 are present in LC/MS scans for young (A) and old (B) tryptic 
digests together with peptides T59 (1372/686) and T28-29 (1606/803). MH+ and MH2+ signals matching 
to T41 (1125.1/563.1) are also present in earlier scans for old band 3 (C). The 779.7/390.0 pair in (C) 
matches to peptide T28. The 1071.3/536.2 pair represents T23 oxidized. Scans are averaged in sets of five. 
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Figure 5.7 shows the MS/MS data for the 563.2 MH+ parent ion specifically 

selected for CID during the second round of TSQ analysis of old erythrocyte band 3 and 

the results of the SEQUEST database search. The ten best matches of the MS/MS spectra 

are shown. Matches are based on the m/z value and the mass of the daughter ions. 

Peptide T41 provided an excellent match, with 21 of 24 daughter ions observed. Seven 

of the eight y ions and all eight b ions were identified in the spectra. Although the eight 

next best ranked matches all represented tryptic peptides, none were derived from band 3. 

Aside from the possible deamidation, no alterations of any of the key peptides 

were detected. Although it is possible that modified peptides may have escaped detection 

(see discussion), native unmodified peptides corresponding to the antigenic regions of 

band 3 are present in old erythrocytes. 
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Figure 5.7 MS/MS analysis of the band 3 peptide T41. The MS/MS data shown was generated using the 
TSQ by CID of the 563.2 MH2+ parent ion at 22 eV. The MS/MS spectra shown is for old erythrocyte 
band 3 peptides. The results of the SEQUEST data base search are shown. The top ten peptide matches 
are ranked (left). Predicted a, b, and y daughter ions for the best match is shown (left) and ions present in 
the mass spectra are indicated by a 
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Oxidation of methionines 

Five methionine sulfoxide (MetSO) residues were identified on band 3 peptides 

from old erythrocytes by MS/MS analysis. Oxidated peptides T21 (Met 289, 

AAATLM*SER), T58 (Met 741, SVTHANALTVM*GK), and T42 (Met 559, 

TYNYNVLM*VPK) were sequenced by MS/MS during the second round of TSQ 

analysis of old erythrocyte band 3 (Table 5.5). The altered masses were added to the 

user-defined list of masses to be selected for CID. These oxidations were present in 

young erythrocyte band 3 as well. Oxidation of Met 741 was identified for young 

erythrocyte band 3 by automated selection and MS/MS analysis of oxidized peptide T58 

by the LCQ ion trap (Table 5.2). Oxidation of Met 289 (T21) and Met 559 (T42) were 

confirmed in young erythrocyte band 3 by peptide mass analysis of the TSQ LC/MS 

scans (Table 5.5). 

LC/MS/MS analysis of selected ions for old erythrocyte band 3 also produced 

spectra for peptide T23 (IDAYM*AQSR) with an oxidation at methionine 300. The 

sequence of this peptide was not identified by SEQUEST but is indicated by visual 

inspection of the MS/MS data (Figure 5.8). The MH2+ ion (535.8) was selected for CID 

at 22 eV. Fragmentation of the peptide backbone can occur at three possible sites. When 

cleavage occurs between the carboxyl and amino gioups of two separate residues, the 

resulting ions are designated b ions, if the charge is retained at the N-terminal fragment, 

and y ions, if the charge is retained at the C-terminal fragment (47). A ladder of y and b 

ions are produced by cleavage between different amino acid residues and are designated 

yl, y2, bl, b2, etc. Peptide sequencing by MS/MS is optimal if the predominant daughter 
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ions produced are y and b ions and if fragmentation is sufficient to produce the majority 

of these ions. 

Collision induced dissociation (or decomposition) of the selected 535.8 MH2+ ion 

produced the MS/MS spectra shown in Figure 5.8. The parent peptide has an MH+ of 

1070.6 and a suspected y ion is observed at 957.8. The difference between these two ions 

is 112.8 d, the mass of an leucyl (L) or isoleucyl (I) residue. [A list of mass shifts for 

amino acid residues, modifications, and other various things is available through Delta 

Mass Version 2.1, compiled by Ken Mitchellhill (St. Vincent's Institute of Medical 

Research, Victoria, Australia)]. The 957.8 ion thus appears to be the y ion resulting from 

cleavage between the first two amino acid residues, the first of which is leucine or 

isoleucine. The difference between 957.8 and 842.7 is 115.1, the mass of an aspartyl (D) 

residue. Differences among the next major mass signals match to alanyl (A) and 

tyrosinyl (Y) residues. The difference between the 608.1 and 544.1 signals (64.0) does 

not match to a feasible residue, and thus the 544.1 ion likely does not represent a y ion. 

The next ion, 460.7, differs from 608.1 by 147.4, the mass of a phenylalanyl (F) or 

methionyl sulfoxide (MetSO) residue. No useful sequence information is obtained below 

460.7. Searching the band 3 polypeptide for the sequence (I,L)DAYM indicates peptide 

T23 (IDAYMAQSR) which has a mass of 1054.2. Addition of 16 daltons by oxidation 

would produce the 1070.6 MH+ and 535.8 MH2+ ions observed for both young and old 

erythrocyte band 3. The m/z ion (536.4 or 1071.8) of the oxidized peptide T23 was 

selected for automated TSQ LC/MS/MS analysis of young erythrocyte band 3 but was 

not identified by the SEQUEST database search (Table 5.1). 
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Figure 5.8 MS/MS spectra for oxidized peptide T23. The above MS/MS spectra was generated by direct 
selection of the MH2+ 535.8 ion during TSQ LC/MS/MS analysis of old erythrocyte band 3. No sequence 
was identified by the SEQUEST database search. Differences among ions which match to amino acid 
residues are indicated. The difference between the MH+ ion and the 957.8 signal matches to 
leucyl/isoleucyl. Partial sequence information for the spectra yielded (I,L)DAYM*, which matches to 
peptide T23. Oxidation of peptide T23 matches the observed MH+ and MH2+ ions. 



Only one of the five oxidized peptides identified in old erythrocyte band 3 was 

not detected in young erythrocyte band 3. Oxidation of methionine 76 (peptide T4, 

NQELRWM*EEARW) was identified by automated MS/MS analysis of old band 3 using 

the LCQ ion trap but was not identified in young. A methionine sulfoxide was identified 

at residue 66 (T2, VYVELQELVM*DEKNQELR) of young erythrocyte band 3 by 

automated MS/MS analysis (ion trap) which was not detected for old. 

Detection of partial alterations 

Age-related modifications are likely to accumulate on band 3 proteins, but may 

not occur on all molecules. Only a firaction of the band 3 polypeptides in the erythocyte 

membrane may actually exhibit the modification. The results of the LC/MS/MS 

experiments that modifications do not have to be absolute to be detected. Many of the 

band 3 peptides were characterized as more than one molecular species. Native and 

oxidized forms of the same peptide were characterized within the same sample as were 

partial and complete digest fi-agments of a given peptide. Both the native and oxidized 

forms of peptide T58 were sequenced by LC/MS/MS for young and old band 3 digests. 

Sequences for native T2 as well as an oxidized partial digest firagment (T2-3) were 

identified by LC/MS/MS of yoimg erythrocyte band 3. This indicates that alterations 

occuring on only a fiiaction of the total band 3 protein in a given cell can be detected by 

MS/MS, although the limits of this detection is not certain. Quantitative measurements 

cannot be made by mass spectral analysis, so the lower limit of detection (the least 



percentage of modified peptides that were detected) cannot be determined in these 

experiments. 

Unidentified masses for old erythrocyte band 3 

Several ion pairs were present in old band 3 digests that were not detected for 

young band 3 digests. None of these masses readily revealed age-dependent post-

translational modifications. None of the ion signals could be deduced by mass shifts 

from a predicted band 3 fragment characteristic of an age-associated post-translational 

modification. MS/MS analysis did not produce sequence information either by the 

SEQUEST database search or by manual analysis of the MS/MS spectra. A 731.0/1461.4 

pair of ions, suggestive of a peptide, was detected in the TSQ LC/MS scans of old but not 

young band 3 digests and was selected for LC/MS/MS analysis. Figiu-e 5.9 shows the 

CED spectra of the 730.9 ion. Differences between daughter signals possibly indicate a 

valine in the sequence and a glycine adjacent to a tyrosine. No other sequence 

information could be determined from the spectra. A glycine, tyrosine pair of residues is 

not present anywhere in the amino acid sequence of band 3. If the partial sequence 

information deduced from the spectra is correct, then this peptide is not likely to be a 

band 3 fragment. 

Figure 5.10 shows the MS/MS spectra for the 1379.4 ion selected for automated 

sequence analysis by the TSQ. A 1380.3/2760.7 pair was detected in old but not young 

band 3 fragments. This very large peptide, if it is a peptide, would consist of roughly 24 

amino acids. No sequence information could be obtained from the spectra as differences 
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among signals were not indicative of any amino acid residues. This may be due in part to 

poor fragmentation of such a large peptide. 

It is important to note that many more unmatched masses were present in young 

than for old erythrocyte band 3. This dampens the argument that the unidentified masses 

present in old band 3 digests represent age-dependent modifications, particularly in the 

absence of characteristic mass shifts and sequencing data. 
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Figure 5.9 MS/MS spectra for the unidentified 730.9 signal. MS/MS data was generated by direct 
selection of the 730.9 m/z ion during TSQ LC/MS/MS analysis of old erythrocyte band 3 peptides. No 
sequence was determined by the SEQUEST data base search or by manual inspection of the daughter ions. 
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Figure 5.10 MS/MS spectra for the unidentified 1379.4 signal. MS/MS data was generated by direct 
selection of the 1379.4 m/z ion during TSQ LC/MS/MS analysis of old erythrocyte band 3 peptides. No 
sequence was determined by the SEQLTEST data base search or by manual inspection of the daughter ions. 



141 

CHAPTER 6 

DISCUSSION 

The experiments described in this manuscript did not conclusively identify any 

post-translational modifications occurring in the band 3 protein v/ith aging. Two types of 

age-associated modifications were identified as possibilities: oxidation and deamidation. 

Oxidation of band 3 with aging has been highly suspected as a critical insult leading to 

the generation of senescent cell antigen. Erythrocytes of all ages fi-om vitamin E-

deficient rats behave characteristically like old erythrocytes on the red cell aging panel, 

strongly suggesting oxidation to be an important mechanism in band 3 aging and 

appearance of senescent cell antigen in vivo (16). Furthermore, antioxidant therapy with 

dietary vitamin E prevents age-related decline in anion transport and minimizes the 

binding aged band 3 antibodies (26). The erythrocyte's fimction as an oxygen carrier 

would render red cell proteins particularly vulnerable to potential damage by oxygen 

radicals. Brovelli et al have previously reported an increase in the methionine sulfoxide 

(MetSO) content of erythrocyte integral membrane proteins with aging, with a decreased 

accessibility to fi"ee thiol groups of band 3 protein in senescent erythrocytes (25). They 

further provide supportive evidence that oxidation decreases the intracellular stability of 

integral membrane proteins. 

Five oxidation sites were identified in old erythrocyte band 3, four of which also 

occurred in young. Oxidation of methionine 76 was only observed for old, but an 

oxidation at methionine 66 was unique for young erythrocyte band 3. The exact role of 
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these oxidations with aging is difficult to interpret. Methionines 66, 76, and 289 reside in 

the 40 kD cytoplasmic tail of band 3 and are unlikely to affect conformational dynamics 

of the integral membrane portion of the polypeptide nor contribute to the antigenicity of 

senescent cell antigen. Methionine 559 is proximal to the first antigenic region, residues 

538-554 (18), which fits nicely with the hypothesis that oxidation leads to SCA 

formation, warranting further investigation for a possible role in aging. Methionine 741 

resides between the antigenic regions. 

Although the methionine sulfoxides observed in these experiments may represent 

sites of true oxidative lesions associated with band 3 aging, this carmot be ascertained. 

Artifactual oxidation of methionines with conconamitant mass shifts of 16 daltons is a 

common problem associated with purification, HPLC separation, and electrospray 

ionization of peptides. The extent of oxidation is dependent on the buffers used and is 

minimized in the presence of dithiothreitol (53). Oxidation of peptides during 

electrospray ionization can occur under normal operating conditions and is dependent on 

the field strength at the electrospray needle and the flow rate of the solution passing 

through the capillary (54). The oxidized methionines observed experimentally may thus 

represent true oxidative lesions occuring in vivo, artifacts, or both. There are 24 

methionines present in band 3 protein yet only six were oxidized. It is possible that 

oxidation occurred in vivo for old erythrocytes but this specificity is masked by the 

vulnerability of these same residues in young band 3 to oxidation during experimental 

manipulations. 
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Addition of a reducing agent may prevent artifactual oxidation during 

experimental manipulations. Shifts of 16 daltons were not readily detected for band 3 

peptides from fresh and stored band 3 peptides, for which 2-mercaptoethanol was present 

for protein purification and digestion procedures. Alternatively, derivatization of free 

thiols early in the analysis may also distinguish age-dependent oxidative damage from 

experimental insults. DACM is a permeant maleimide derivative that binds free thiol 

groups which can be used to modify thiols in intact erythrocytes (25). Now that the 

oxidized band 3 tryptic peptides have been identified by LC/MS/MS, they could be 

collected and the thiol content of those specific peptides quantitated and compared for 

young and old erythrocytes. 

In addition to oxidation, the data obtained by these experiments suggest that an 

age-associated deamidation may have occurred in the first antigenic region of band 3. 

Peptide T41, which comprises band 3 residues 543-551 (IFQDHPLQK), was observed at 

two distinct regions in the LC/MS of old erythrocyte band 3 but only at the latter site for 

young band 3. This peptide contains two glutaminyl residues that are conserved in 

human, mouse, and chicken. A deamidation could incur such a shift in retention, but this 

certainly is not conclusive evidence. The one dalton difference between glutamine and 

glutamate prevents definitive discrimination using the mass spectral techniques employed 

in these experiments. Ideally, identification in the purified band 3 samples and collection 

by HPLC would have allowed a more extensive characterization of this peptide, but T41 

was not identified in those experiments. 
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Deamidation of band 4.1 with aging has already been shown in erythrocytes (39). 

Since deamidation appears to serve as a molecular timeclock for proteins (36), 

deamidation of conserved glutaminyl residues in the antigenic regions of band 3 could 

account for altered antigenicity with aging. These arguments together with the 

observations of these experiments warrant further investigation into the role of 

deamidation in the physiological aging of band 3 protein. 

A more direct approach should be employed, particularly since spontaneous 

deamidation occurs more rapidly in denatured proteins and peptides. An in-gel digestion 

of young and old erythrocyte band 3 with staphylococcus V8 protease would be more 

conclusive than digestion with trypsin. V8 protease cleaves at the carboxyl end of 

glutamyl residues, which is why it is also referred to as Glu-C. Deamidation of a 

glutaminyl residue would generate a new cleavage site. When digesting with Glu-C, the 

two glutamine residues that are within band 3 peptide T41 (Q545 and Q550) are 

contained within a very large hydrophobic fragment (G54, mass of 13942.4), which 

would not elute from the gel piece following an in-gel digestion. Deamidation at either 

site would result in the following possible Glu-C peptides: TFSKLIKE (946.0), DHPLE 

(591.0), or TFSKLIKQDHPLE (1519.0), all of which would easily elute from the gel and 

meet criteria for MS/MS analysis. These specific masses could be selected for 

LC/MS/MS analysis of young and old erythrocyte band 3 following in-gel digestion with 

Glu-C. Deamidations at other sites may also yield novel peptides upon digestion with 

Glu-C that may be detected by LC/MS/MS or by HPLC. 
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A negative result does not necessarily indicate that other post-translational 

modifications do not occur in band 3 with aging nor contribute to the formation of 

senescent cell antigen. Post-translational modifications may have occurred on regions 

that were not characterized due to the physical properties (size and hydrophobicity) of the 

peptide fragments. Alterations occuring on those peptides which could be characterized 

may have escaped detection if they were noncovalent, minimal, or short lived. 

As is usually the case with MS/MS analysis of protein digests, only partial 

sequence information was obtained for band 3. Band 3 is a very large polytopic protein 

that generates a complex mixture of peptides. Many of the tryptic peptides were too 

small or too hydrophobic for proper analysis and could not be characterized for post-

translational modifications. It is possible that an age-associated modification may occur 

in a region for which the corresponding peptide is not easily characterized by mass 

spectrometry. Use of a different protease or chemical agent to cleave the band 3 protein 

would generate a different spectrum of peptides and may broaden MS/MS coverage of 

band 3. Trypsin was chosen for this experiment because it provided the best peptide 

representation of the antigenic regions of band 3 associated with IgG binding, all of 

which were characterized by LC/MS/MS. 

Racemizations, isomerizations, and spontaneous structural changes occur with 

aging and may underlie many of the changes observed in band 3 during aging, including 

altered antigenicity, decreased anion transport, and increased proteolysis. These 

modifications would not alter the mass of the peptide and carmot be detected by mass 

spectrometry. Other techniques, such as NMR analysis of secondary and tertiary 
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Structure or acid hydrolysis of each peptide with quantification of D- and L- aspartyl 

residues, could be used to specifically examine those types of age-related changes. An 

increase in the level of racemized residues for intrinsic erythrocyte membrane proteins 

has already been reported, but a specific analysis of band 3 with identification of the 

racemized residues has not been done. 

A post-translational modification may not be detected by mass analysis if it 

occurs at a low fi-equency on the band 3 molecule. Carboxymethylation occurs on band 3 

at a low frequency in vivo (32). Atleast three methylation sites have been reported for 

band 3, although the exact localization of these sites are not known The apartic acid 

beta-methyl ester isolated from methylated membranes is in the unusual D-

stereoconfiguration. It has been proposed that the erythrocyte methyltransferase 

specifically recognizes the racemized aspartyl residues and targets them for degradation 

or repair. Although the level of methylation has not been compared for young and old 

erythrocyte band 3, an age-dependent mechanism by which spontaneous racemization 

leads to enzymatic carboxymethylation with subsequent degradation of band 3 can be 

easily envisioned. Carboxymethylations were not detected by mass spec analysis of band 

3 peptides, due to the fact tliat these alterations occur at substoichiometric levels. It is 

estimated that one methyl group is present per 500-600 molecules at steady state in intact 

erythrocytes. If three physiological methylation sites are present in the band 3 

polypeptide, the average level of methylation at a given site is one per about 1500-1800 

band 3 molecules. Such a low level of modification would certainly not be expected for 

mass spec detection. Could a post-translational modification occurring at such a low 
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stoichiometry, carboxymethylation or others, be expected to exert a physiological 

function such as the removal of senescent erythrocytes? Because senescent cell antigen 

is present at a concentration of approximately 100 copies per cell aged in situ (2) and 

band 3 is present at a concentration of approximately one million polypeptides per red 

blood cell (55), then only one modification per 1,000 molecules is needed. Kinetic 

studies, however, indicate that a higher percentage of band 3 molecules are affected with 

aging. Multiple age related lesions may be involved, some of which may be detectable 

by mass spec, some of which may not. 

The half-life of a modified band 3 molecule would also affect the stoichiometric 

prevalence of a glA^en modification. A covalent, age-dependent structural modification of 

intact band 3 is supported by the binding of antibody 980 to old but not young or middle 

aged erythrocyte band 3 on SDS-PAGE gels (15). The appearance of band 3 breakdown 

products also increases with age, however. The mass spec analyses performed in these 

experiments utilized intact band 3 molecules, isolated either by SDS-PAGE or traditional 

chromatographic methods. If an age-dependent modification facilitates proteolysis of the 

band 3 protein, then the prevalence of that modification on the intact band 3 protein (100 

kD) would depend on the differential kinetics of the modification and the subsequent 

cleavage. The breakdown products of band 3 with aging rather than the intact protein 

itself would provide a better source of modified peptides for mass analysis. The next 

logical step from the experiments described here would be to attempt LC/MS/MS 

analysis of the band 3 breakdown products isolated fi-om SDS-PAGE and in-gel 

digestion. 
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It is important to note that no phosphorylated residues were identified in these 

experiments. Phosphorylation sites of the band 3 protein have been characterized 

previously using phosphoamino acid analysis and thin layer chromatography. Eighty 

percent of the phosphorylation sites occur within the N-terminal 56 residues (peptide Tl), 

primarily on tyrosine 8 (29). Phosphorylation sites are also present on tyrosines 359 and 

904 (28). The molar ratio of phosphate groups to band 3 molecules is 0.52 for band 3 

purified firom fresh red cells. If 20% of the phosphorylation occurs outside the Tl 

peptide, then one in ten band 3 molecules would be expected to contain a phosphate 

group at either tyrosine 359 or tyrosine 904. Tryptic peptides containing the putative 

phosphorylation sites at tyrosine 359 (T28-29) and tyrosine 904 (T74-75) were identified 

in these experiments. Peptide T28-29 was sequenced by LC/MS/MS in old erythrocyte 

band 3 (with the corresponding mass observed in young), and T74-75 was identified in 

both fresh and stored erythrocyte band 3 by mass determination. No phosphate groups or 

their corresponding mass shift (+80 daltons) were detected, but a highly active tyrosine 

phosphatase activity has been reported to copurify with band 3 (28) and phosphatase 

inhibitors were not utilized in these experiments. 

Physiological roles of phosphorylation in the binding of glycolytic enzymes and 

the regulation of anion transport have been investigated (30), but a role in band 3 aging 

has not been supported. Tandem mass spectrometry could easily be used to analyze the 

presence of phosphate groups in young and old erythrocyte band 3 under the appropriate 

conditions. Trypsin was chosen for this experiment because it gave the best cleavage 

products for the antigenic regions of the protein, but the first tryptic peptide, which 
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contains the majority of the phosphorylation sites, is too large to sequence by MS/MS. A 

different chemical or enzymatic cleavage agent should be chosen for characterization of 

phosphorylated residues within that region. A phosphatase inhibitor such as 

orthovanadate should also be included throughout the purification procedures to prevent 

arti factual dephosphorylation. 

Tandem Mass Spectrometry is a very powerful tool for sequence analysis and 

identification of post-translational modifications of peptides and proteins. Many 

applications are well documented, but these are relatively limited to smaller, cytoplasmic 

proteins. This is the first reported application of this methodology to an integral 

membrane protein. Band 3 is a large polytopic protein with a mass of 100 kD, spanning 

the lipid bilayer 14-18 times. Cleavage with trypsin yields a complex mixture 75 peptide 

fi-agments. Only partial sequence information is expected for MS/MS, depending on the 

size and ionization of the fragments generated, hi all, 61% of the band 3 molecule was 

analyzed by MS with 44 of 75 peptides identified. Only two band 3 peptides that fell 

within the criteria for peptide analysis escaped detection. Of the regions of band 3 

meeting this criteria, 55% was sequenced by LC/MS/MS. This is an extremely 

successfiil application of the technique to a large integral membrane protein and is truly 

an advancement in the field of mass spectrometry. 

In conclusion, this study has made significant contributions to both the field of 

erythrocyte aging and the field of tandem mass spectrometry. Several previous studies 

have indicated oxidation as a critical event in band 3 aging, and target sites for such 

lesions have been identified by the experiments presented here. This study also presents 



the first successful application of tandem MS/MS technology to a large membrane 

protein. The results presented in this manuscript provide a firm foundation for additional 

investigations of molecular mechanisms of band 3 aging as well as MS/MS analysis of 

other complex proteins. 



APPENDIX A 

HPLC SOLVENTS 

Solvent A 
500 ml ultrapure water 
500 ul TFA 

Solvent B 
500 ml acetonitrile 
425 ul TFA 

Solvent C 
250 ml water 
250 ml acetonitrile 

Note: Gradient conditions throughout the text often refer to X% acetonitrile. This 
actually X% solvent B with the remaining percent solvent A. For example, 5% 
acetonitrile is in fact 5% solvent B, 95% solvent A. 



APPENDIX B 

BCA PROTEIN ASSAY PROTOCOL 

Note: This method is modified from the instruction manual accompanying the BCA 
Protein Assay Reagent Kit (Pierce). 

I. Preparation of diluted BS A standards. Prepare a fresh set of protein standards by 
diluting the 2.0 mg/ml BSA stock standard into appropriate buffer (either 5P8 or 0.1% 
CI2E8, 5P8), depending on the sample. 

conc (ug/ml) BSA (ul) buffer (ul) 
0 0 1000 
20 10 990 
40 20 980 
60 30 970 
80 40 960 
100 50 950 
120 60 940 
140 70 930 
160 80 920 
180 90 910 
200 100 900 

2. Preparation of samples. For membranes, prepare 1/10 and 1/100 dilutions in 5P8 and 
use 5P8 for standard dilutions. For solubilized superaate, pellet and AES void volumes, 
which contain 1.0% C12E8, prepare 1/10 dilutions in 5P8 and use 0.1% C12E8, 5P8 for 
standard dilutions. For AES fractions which contain 0.1 % C12E8, no dilution is 
necessary and use 0.1% C12E8, 5P8 for standard dilutions. 

3. Preparation of the BCA working reagent. Mix 50 parts BCA Reagent A with 1 part 
BCA Reagent B. Use the same day. 

4. BCA reaction. Pipet 50 ul of each standard or unknown sample into appropriately 
labeled eppendorfs. Add 1 ml of the working reagent to each tube, mix well, and 
incubate at 37C for 30 min. After incubation, cool to room temperature. 

5. Protein determination. Measure the absorbance of each standard and sample at 562 
nm vs. an appropriate blank. Prepare a standard curve by plotting the standard BCA 
absorbance readings vs. their concentrations in ug/ml. Using the standard curve, 
determine the protein concentration for each unknown sample. 



APPENDIX C 

POLYACRYLAMTOE GEL ELECTROPHORESIS 

Stock Solutions 

Stock 1: (45% T, 3.5% C) - POISON!!! 
52.11 gm acrylamide 
1.89 gm bis-acrylamide 
68.3 ml ultrapure water 
Stir 15 min then filter 
Store at 4C in a foil wrapped bottle 

Stock 2: (30.8% T, 2.6% C) - POISON!!! 
30.0 gm acrylamide 
0.8 gm bis-acrylamide 
72.0 ml ultrapure water 
Stir 15 min then filter 
Store at 4C in a foil wrapped bottle 

0.75 M Tris-HCl, pH 8.8 (for lower/resolving gel) 
45.37 gm TRIS base 
80 ml ultrapure water 
Adjust pH to 8.8 with conc. HCi 
Add 2.5 ml 10% sodium azide - POISON!!! 
Fill to 500 ml with ultrapure water 

0.25 M Tris-HCl, pH 6.8 (for upper/stacking gel) 
3.02 gm Tris base 
80 ml ultrapure water 
Adjust pH to 7.5 with conc. HCI 
Then carefully adjust to pH 6.8 with IM HCI 
Fill to 100 ml with ultrapure water 

0.1% Ammonium persulfate (APS) 
0.1 gm APS 
10 ml water 
Freeze in 1 ml aliquots 
Use only once 



Reservoir buffer (4X concentrate) 
24.2 gm Tris base 
115.2 gm glycine 
1 gm sodium azide 
Fill to 1 liter with water 
Do not pH!!! 

2X reducing sample buffer 
18 ml water 
0.12 gm Tris base 
1 gm SDS 
0.2 ml 0.5 M EDTA, pH 8.0 
0.5 ml 10% sodium azide 
2 mg bromophenol blue 
5 ml 2-mercaptoethanol 
25 ml glycerol 
Aliquot and store frozen 

Pouring the Gel 

Wipe glass plates with EtOH and prepare gel mold, ensuring plates and spacers 
evenly aligned along the bottom 

Main (resolving) gel (for two 8% mini-gels) 
4.8 ml water 
7.5 ml pH 8.8 buffer 
2.7 ml Stock 1 
375 ul 1% APS 
23 ul TEMED 
Mix thoroughly and pour into gel mold, stopping approx. 3/4" from top 
Overlay with water saturated butanol 
Allow to set atleast 15 min 

Pour off butanol into waste, and rinse top of gel with water 

Stacking gel 
3.76 ml water 
5.0 ml pH 6.8 buffer 
1.0 ml Stock 2 
240 ul 1% APS 
30 ul TEMED 
Pour into gel mold atop resolving gel and insert sample combs 
Allow to set atleast 15 min 
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Electrophoresis buffer 
62.5 ml 4X buffer concentrate 
432.5 ml water 
5 ml 10% SDS 

Run at 200 constant volts for 45-60 minutes, or until the dye front is about 1 cm from the 
bottom of the gel 
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APPENDIX D 

COOMASSIE G-250 STAINING PROTOCOL 

Solutions 

1. Fixative 
400 ml methanol 
100 ml acetic acid 
500 ml water 

2. Stain 
0.25 g Coomassie G-250 (Serva) 
100 ml acetic acid 
900 ml water 

3. Destain 
100 ml acetic acid 
900 ml water 

Procedures: 

1. Place gel in fixative for 30 minutes or longer. For proteins, gel may be left in fixative 
overnight. For peptides, do not exceed 45 minutes. 

2. Place gel in stain for 1-4 hours. 

3. Destain until bands reach desired visability. 



APPENDIX E 

SILVER STAIN PROTOCOL 

Note: These procedures are from the Modified Silver Stain Protocol described for the 
Bio-Rad Silver Stain Kit and is optimized for mini gels. Silver stain procedure was 
performed in large plastic weigh boats with shaking. 

Reagents and Incubation times: 

1. Fixative: 40% methanol/10% acetic acid (v/v). 100 ml for atleast 30 minutes. Gel 
may be stored overnight at this step. 

2. Oxidizer (10 ml reagent in 90 ml water). 100 ml for 5 minutes. Ensure gel is 
completely immersed. 

3. Water washes - 15 minutes maximum. Use large volumes of water and change the 
wash frequently, especially in the first 5 minutes. This will flush oxidizer from the gel 
without removing it from the proteins. Proceed to step 4 even if gel is still slightly 
yellow in color. 

4. Silver reagent (10 ml reagent in 90 ml water). 100 ml for 20 minutes. 

5. Quick water rinse. 30 seconds maximum. 

6. Developer, prepared by dissolving one bottle of developer in 3.6 liters deionized water 
by stirring for 15 minutes at room temperature. l(X)-200 ml for approximately 30 
seconds or until a brown smoky precipitate appears. Quickly pour off solution and add 
fresh developer. Change developer each time precipitate appears or every 5 min if gel 
remains clear, until desired band intensity is achieved. 

7. Stop: 5% acetic acid (v/v) for 15 min. Make sure gel is completely immersed. 
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APPENDIX F 

SYNTHESIS OF AMINOETHYL-SEPHAROSE 4B 

Note: Aminoethyl-sepharose was synthesized according to the published procedure of 
Casey et al (8), except CNBr-activated sepharose 4B was used as the starting material 
rather than activating sepharose with cyanogen bromide as described. 

Materials and Solutions 

CNBr-activated Sepharose 4B (Pharmacia) 
Ethylenediamine (Fisher Scientific) 
0.1 M sodium bicarbonate, pH 9.0 
0.05 M NaOH 
0.1 M acetic acid 
0.001 NHCl 

Procedure 

1. 25 ml ethylenediamine was added to 150 ml distilled water, adjusted to pH 9.0 with 6 
N HCl, and brought up to a total volume of 300 ml with distilled water. 

2. 30 gm (2x15 gm packages) of CNBr-activated Sepharose 4B (Pharmacia) was 
suspended in 500 ml 0.001 N HCl, poured onto a sintered glass funnel and washed 
with 5.5 liters 0.001 N HCl. 30 gm of freeze-dried resin yielded a 105 ml bed volume. 

3. The activated sepharose was suspended in 2 volumes of ice cold 0.1 M sodium 
bicarbonate, pH 9.0, and the ethylenediamine solution (300 ml) added immediately. 
The coupling reaction was allowed to proceed overnight at 4C with gentle shaking. 

4. The resin was then washed successively with ice cold water, 0.1 M sodium 
bicarbonate pH 9.0,0.05 M NaOH, water, 0.1 M acetic acid, and finally water (1 liter 
of each). 

5. Fifty ml of resin was taken for p-CMB-sepharose synthesis, and the remainder stored 
at 4C in 0.1 % CI2E8, 5P8,0.02% sodium azide. 
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APPENDIX G 

SYNTHESIS OFp-CMB-SEPHAROSE 4B 

Note: Synthesis of /?-CMB-sepharose resin was according to the published procedures of 
Casey et al (8). 

Materials and solutions 

Aminoethyl-Sepharose 4B (synthesized previously) 
p-(Chloromercuri)benzoic acid 
I-Ethyl-3-(3-dimethylaminopropyl)carbodiimide-HCl 
40% Dimethylformamide 
0.1 M Sodium bicarbonate, pH 8.8 

Procedure 

1. Fifty ml of aminoethyl-sepharose 4B was suspended in 90 ml of 40% 
dimethylformamide. 1.0 gm of p-(chloromercuri)benzoic acid was added and the pH 
adjusted to 4.8. Excess p-CMB was present below the resin slurry as a precipitate. 

2. Carbodiimide (1.35 g) was added and the suspension gently mixed at room 
temperature for 1 hr. The pH was maintained at 4.8 by careful addition of 1 N HCl as 
required. 

3. The reaction was allowed to proceed overnight at room temperature with gentle 
shaking. 

4. The resin was decanted away from unreacted p-CMB and filtered on a coarse sintered 
glass funnel. The gel was washed with 4 liters of 0.1 M sodium bicarbonate, pH 8.8. 
over a period of 6-8 hours, and finally washed with water. 

5. The washed resin was suspended in 90 ml of 40% dimethylformamide and the 
coupling reaction (steps 1-4) was repeated. 

6. The final resin was stored in an equal volume of 0.1% C12E8, 5P8, 0.02% sodium 
azide at 4C. 
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