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Abstract 

Band 3 is the anion exchange protein in red blood cells. It is the most abundant protein 

in the erythrocyte membrane and is the most heavily used ion transport protein in 

vertebrates. Physiologically, it transports c1- into or out of the red blood cell and then 

transports HC03- in the opposite direction so that electroneutrality is maintained on both 

sides of the membrane. 

The anion exchange mechanism of band 3 is unique among the ion transport proteins. It 

transports anions by a 'ping-pong' mechanism, meaning it is a gated protein which effects 

the one-for-one exchange of anions across the membrane. It is also unusual because it 

transports a wide variety of anions in a very efficient mariner (up to 200 sec-1 ). An 

arginine has been implicated in the binding and transport of chloride across the red blood 

cell membrane. The primary goal of this work was to determine the location of that 

arginine. A second goal was to investigate divalent anion binding to the active site. 

35c1 NMR was used to investigate the competition of chloride with divalent anions at 

the chloride binding site of band 3. These studies were performed to determine if divalent 

anions compete with chloride for binding at the active site. These investigations indicate 

that molybdate, sulfate, and sulfate's analogue selenate interfere with chloride's binding to 

the transport site. Hydrogen phosphate and its analogue hydrogen arsenate also appear to 

compete with chloride for binding at the transport site. However, it appears that chloride 

binding is only fractionally inhibited by these two dianions. This is demonstrated by the 

inability of hydrogen phosphate and hydrogen arsenate to saturate the transport site and 

completely inhibit transport site linebroadening. pH profiles of chloride competition with 

divalent anions were also obtained. It appears that these large, inorganic, hydrated, appr-
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oximately spherical molecules can reach the transport site in the band 3 channel but not as 

effectively as chloride. 

The goal of the biochemical studies was to determine the location of the band 3 arginine 

anion binding site. The complete sequence of human band 3 is was not known until very 

recently, but it has been available for chickens and mice since 1986. On the basis of these 

sequences, Vogelaar and Chan have modeled transmembrane helices to determine the 

number of times the protein traverses the membranel. In order to insure that an arginine 

preferentially labeled by 14c-phenylglyoxal was indeed at a transmembrane peptide and to 

verify the model, many of the transmembrane sequences have been isolated. This was 

accomplished by modification of a technique developed to separate hydrophobic synthetic 

peptides2. The band 3 transmembrane helices are tightly associated and very similar in 

hydrophobicity. Of a probable total of 14 transmembrane helices, the N-termini and/or 

C-termini have been determined for 6 of them. Because x-ray crystallography has been 

difficult to achieve for membrane systems (rhodopsin and the reaction center are two that 

that have been crystallized), this method provides a simple and relatively inexpensive 

method of studying membrane protein topography. 

Finally, 14c-phenylglyoxal has shown the location of at least one arginine in band 3 

when labeled by the method of Zaki 3. (By this method, two to three arginines are labeled 

per band 3 monomer.) The location of the second arginine has been restricted to two 

possible other transmembrane peptides (modeled helices 10 and 14). The active site 

arginine is probably at position R748 in the mouse erythrocyte band 3 sequence. 

1. Vogelaar, N.S. (1989) Doctoral Thesis California Institute of Technology. 

2. Tomich, J.M., Carson, L.W., Kanes, K.J., Vogelaar, N.S., Emerling, M.R., and 

Richards, J.H. (1988) Anal. Biochem. 174, 197-203. 

3. Zaki, L. (1984) FEBS Lett. 189, 234-240. 
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Chapter I 

Introauction 

The exchange of anions across the human red cell membrane is mediated by an 

integral membrane protein -- called band 3 from its location on a polyacrylamide gel in 

electrophoresis of the solubilized membrane proteins. It appears to be a large smear in 

these gels because the protein is heterogeneously glycosylated. Band 3 constitutes 

almost 30% of the total membrane protein with about 106 molecules per ce11 1, and 

accounts for approximately 80% of the integral membrane protein2 . The other major 

integral membrane protein is glycophorin A (or PAS-1). Physiologically, band 3 

transports chloride in exchange for bicarbonate in order to maintain electroneutrality 

across the membrane. 

Lodish and Kopito have cloned the murine (house mouse, or mus musculus) band 3 

cDNA3 . The 929 amino acid mouse erythrocyte band 3 (MEB3) sequence has two 

distinct structural domains. The N-terminal domain is composed of about 420 amino 
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acids. This domain is mainly hydrophilic and extends into the cytoplasm where it 

anchors the spectrin cytoskeleton via interactions with the proteins ankyrin4 and band 

4.15. The N-terminal 420 amino acids have a net negative charge3. The remaining 

part of the protein passes through the membrane several times and contains the 

molecular machinery responsible for anion transport3,6. This domain contains groups 

of hydrophobic residues which are interrupted with positively charged amino acids. 

Circular dichroism analysis suggests that about 90% of this domain is cx-helical7. The 

C-terminus may also extend into the cytoplasm since 11 of the last 32 amino acids of 

the protein are negatively charged. Lodish has postulated the edges of 3 

transmembrane helices on the basis of helical wheel models8 . The location of these 

three helices (and other modeled transmembrane peptides) in the protein's complete 

primary sequence is shown in Figure 1. 1. 

The interaction between the anion and the protein takes place in a specialized region 

called the anion binding site, or transport site. Anion binding to the transport site 

triggers a protein conformational change between the inner-facing and outer-facing 

conformations. This change leads to an alternation of the transport site between the 

inner and outer surface of the membrane. The conformational change gives rise to 

different reactivities for noncompetitive inhibitors of the transport site at the inner and 

outer membrane surface. There is some debate about whether it affects the reactivities 

of inhibitors of the transport site itself'9. More is known about the outward-facing site 

than the inward-facing site. From 35Cl NMR studies of the pH dependence of anion 

binding and chemical modification with phenylglyoxal (an arginine specific inhibitor), 

the active-site is proposed to contain an arginine.IO Wieth and Bjerrum suggest that this 

residue is an outward facing site11 . Anion transport is regulated by a residue with a 

pKa of 11 to 12, which further implicates a functionally essential arginine12,13. 

Proteolytic studies and experiments with radiolabeled inhibitors have led to much of the 
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Figure 1.1 

The location of transmembrane helices 1,3, and 5 as modeled by Lodish8 is shown in 

this figure. The helices are labeled L-1, L-3, and L-5 and are marked by blue lines. 

Transmembrane helices, as modeled by Vogelaar and Chan are labeled VC-# and are 

marked by red lines. Hydrophobic reggions determined by Jay and Cantley33 (as 

adapted from hydropathy plots in Reference 3) are labeled JC and are marked in 

orange. 
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known structural detail. Many of these are summarized in Figure 1.2. Other structural 

results are described here. Three lysines which are sensitive to chemical modification 

by 4,4'-diisothiocyanodihydrostilbene-2,2'-disulfonate (H2DIDS), a potent inhibitor of 

anion transport, are thought to be K449, K558, and K561 in MEB33. One of three 

closely spaced lysines (K608, K610, or K618 in MEB3), which is possibly important 

in the anion transport process, is present in the inner membrane surfacel4,15. Brock et 

al. identified K608 and K610 as the important lysines. As shown in Figure 1.2, a 

disulfide bond forms near the C terminus, probably between residues C869 and C903 

in the MEB3 sequence 16. 

Using pyridoxal 5'-phosphate (known to label two integral, chymotryptic domains 

of band 3) and other transport inhibitors, Salhany et al. found possible negative 

cooperative interactions between nonoverlapping inhibitor binding domains on band 3 

monomers. They also suggest two interacting anion binding sites on the outer surf ace 

of band 317. 35Cl NMR studies find evidence for a single transport site13. Band 3's 

glycosylation site (which is present on the outside of the red blood cell membrane) has 

been hypothesized to be at either N612 or N6613 in MEB3. A band 3 analogue in the 

cell line HKB3 (referred to as HKB3) apparently has several glycosylation sites which 

might be located at N483 (which is not conserved in mouse or chicken band 3), N494 

or N506 (neither of which is present in mouse or chicken band 3). N661 is not 

conserved in HKB3, but appears to be the most likely candidate for glycosylation. 

Although the band 3 protein seems to exist in the red cell membrane in the form of 

dimers or even tetramers18, the monomer appears to be the functional unit. The 

electrical conductance of the red blood cell membrane is much smaller than the 

conductance calculated from the rate of anion exchange across the membrane. This 

indicates that the protein does not operate as an aqueous pore that permits the diffusion 
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Figure 1.2 

The topography and sites of proteolytic cleavage are indicated in this diagram. Well 

defined sites of chemical alignment have also been included. The actual topography of 

the cytoplasmic domain has not been represented. Numbers in parenthesis refer to the 

alignment in mouse erythrocyte band 3. Abbreviations used are: C, C-terminus; Ch, 

chymotryptic cleavage site; CHO, glycosylation site; H2DIDS, 4,4'-diisothiocyano­

dihydrostilbene-2,2'-disulfonate; LI, site of lactoperoxidase catalyzed radioiodination; 

N, N-terminus; P, pepsin cleavage site; Pa, papain cleavage site; RM, site of reductive 

methylation; SH, cysteine; Tr, trypsin cleavage site. (Taken from Reference 32.) 
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of the free anion. Anion binding to band 3 seems to be a prerequisite for anion 

exchange. A conformational change upon binding appears to lead to the translocation 

of the bound anion across the membrane9. 

Band 3 exhibits several interesting characteristics which must be considered when 

postulating models for the protein. First, it catalyzes the transport of anions extremely 

efficiently. The half time for chloride exchange as measured by 36CI- flux experiments 

is only 52 msec at 38°C19• The turnover rate of the transport cycle is 2-5 X 104 sec-1 

for CI- at 37°C and 400 sec-1 at ooc20. Second, band 3 effects the rapid one-for-one 

exchange by the so called ping-pong mechanism, i.e., the transport site is alternately 

exposed to one side of the membrane and then to the other13,2 I,22. There is general 

agreement that slippage (a change in conformation of the unloaded carrier) is a rare 

phenomenon because of the electroneutral nature of the anion transport9. Third, the 

protein lacks specificity for the anions transported. It will transport monovalent anions 

more readily than divalent anions, yet it transports all halides and various organic 

anions such as formate23. Fourth, substrate transport is self-inhibited at high anion 

concentrations as evidenced by a maximum in chloride self exchange flux at 150 mM 

followed by a decrease in the flux. This self-inhibition is thought to be caused by 

saturation at a 'modifier site'21,22. Fifth, translocation of bound chloride across the 

membrane (rather than dissociation of chloride at the transport site) appears to be the 

rate limiting step in the transport cycle, so that the dissociation constant can be defined 

by the equation Ko = k0 ff/k00 
24 and can be determined for each face of the 

membrane25. 

35CI NMR has also provided evidence against a 'modifier site' if it is defined as a 

low affinity site for chloride binding within the transport machinery. 35CI NMR 

experiments show that even at high chloride concentrations, the outward facing 

transport site behaves like a simple anion binding site, indicating that the 'modifier site' 
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has no effect on chloride binding to the tranport site27. Tanford has described the effect 

of access channels leading to the transport site on the flux at high substrate 

concentrations and has shown that self-inhibition at high concentrations can occur 

because the bound anion can only be released when the access channel is empty26. 

In addition to the band 3 cloned from mice, chicken erythrocyte band 3 has also 

been cloned28. There are also a variety of polypeptides which are immunologically 

related to the erythrocyte band 3 protein in non-erythroid cells8,29. These polypeptides 

will also bind to band 3 inhibitors30. A cDNA clone, called pHKB3, has been 

obtained for a non-erythroid anion transport band 3-like protein from the house mouse 

(mus musculus). It encodes 919 amino acids in which the cytoplasmic domain has 

only 35% homology and in which the membrane-bound domain (amino acids 421-929 

in MEB 3) has 71 % homology to mouse erythrocyte band 33 1. This protein has proven 

useful in searches of conserved residues that may be important for function. 

Vogelaar and Chan have modeled band 3 as having 14 transmembrane helices32• 

Lodish has also proposed that there are 14 membrane-spanning helices (although two 

do not completely span the membrane)8. Using experimental evidence, including that 

already described, Vogelaar and Chan have modeled the band 3 protein's helical 

arrangement in the membrane as is shown in Figure 1.3. They propose that the anion 

transport channel is composed of helices VC-4, VC-5, VC-7, VC-10, VC-13, and VC-

14. The arginine residues which are most likely to be involved in high-affinity binding 

from the external solution are MEB3 residues R748 on helix 10 or R888 on helix 14. 

Of these, MEB3 residue R748 is more buried in the membrane and is a more likely 

candidate. Vogelaar and Chan argue that a histidine residue, H752 in the MEB3 

sequence, may provide the functional group which can be titrated by a proton to enable 

the protein to transport divalent anions. This histidine is about one tum of an a-helix 

from the arginine and is therefore aligned properly to aid in translocation of a divalent 
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Figure 1.3 

The helical arrangement proposed by V ogelaar and Chan for a band 3 dimer is shown 

in this figure. Numbers correspond to the transmembrane helices marked VC-# in 

Figure 1.2. The view is from the cytoplasm. (Taken from Reference 32.) 
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Helix Arrangement for Band 3 
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anion. Vogelaar and Chan suggest that the most buried portion of the band 3 anion 

channel (as opposed to the ends of the channel) is composed of mainly hydrophobic 

residues. These form a hydrophobic barrier to movement of charged residues which 

have not been neutralized by a counterion. In their model the arginine side chain, 

neutralized by the monovalent anion, merely rotates across the barrier. When the anion 

is released, the positively-charged arginine side chain may not cross the barrier until it 

has bound another anion in order to translocate it. In the case of divalent anions, two 

positively charged amino acid side chains, R748 and H752, can effect the same 

translocation. Therefore, the histidine must by titrated with a proton for effective 

divalent exchange. Both mechanisms are consistent with experiments elucidating 

monovalent and divalent anion transport. Vogelaar and Chan have also modeled band 3 

inhibition by pyridoxal phosphate, 4,4'-diisothiocyanodihydrostilbene-2,2'-disulfonate 

(H2DIDS) and 4,4'-dinitrostilbene-2,2'-disulfonate (DNDS). These inhibitors react 

with band 3 only from the exofacial medium because they react initially with the 

positively charged residues which lead into the anion transport channnel. Once again, 

this model can account for the outward-facing and inward-facing aspects of the protein 

having different reactivities to these inhibitors32. 

While some of the results in this thesis provided proteolysis information for the 

Vogelaar and Chan model, the goals of this thesis were to experimentally determine the 

location of the essential arginine in the transport site of the band 3 protein and to obtain 

as much topographical information about its organization in the membrane. In order to 

identify the functionally essential arginine, the protein was labeled using arginine­

specific radioactive chemical modification with 14C-phenylglyoxal. The protein was 

then proteolyzed into smaller membrane-spanning fragments prior to sequencing. The 

postition in the protein of the proteolytic fragment containing the active site was 

restricted. Many experiments in this thesis were performed on ghosts, which are red 
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blood cells which have been lysed by osmotic shock to yield a partial biconcave disk 

with an open end. The purpose of using ghosts is to expose as much of the membrane 

protein as possible to chemical modification and proteolysis. In addition to determining 

the probable location of this essential arginine, topograghical information was also 

obtained for the protein by sequencing other proteolytic fragments which had been 

isolated using a new HPLC method. This method consists of continual detergent 

saturation of the HPLC column in order to separate hydrophobic peptides of similar 

size. The non-membrane spanning parts of the protein, or loops, were modeled using 

the Biograf computer graphics program to supplement the Vogelaar-Chan model and 

provide a complete picture of the protein in the membrane. 35Cl NMR was performed 

to obtain dissociation constants for a variety of inorganic divalent anions using 

experiments based on competition for chloride's binding site. Using the same 

methods, pH profiles were obtained for chloride competition with divalent anions for 

active site binding in the pH range of 5.5 to 8. These NMR experiments were used to 

provide evidence for or against the Vogelaar and Chan model for divalent anion 

transport. 
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Chapter II 

35c[ :J,.{_M9{,Stutiit.s ef 'Divalent .91.nions 

'Binding to tfie 'Transport Site 

INTRODUCTION 

In addition to monovalent anion transport, there is a great deal of experimental 

evidence for the transport of divalent anions by band 31. Flux experiments have shown 

that divalent anion transport and monovalent anion transport are very similar in some 

ways but notably different in others. Many of the results described below are derived 

from equilibrium exchange flux experiments. In these experiments, intact red blood 

cells or resealed vesicles are allowed to come to equilibrium with substrate present at 

equal concentrations on both sides of the membrane. After equilibrium is reached, a 

radioactively labeleled substrate is added to one face of the membrane in low 

concentrations such that the substrate concentration is essentially unchanged. The rate 

of flow of labeled substrate is then measured2• The labeled substrates commonly used 

are 36c1-, 35SQ42-, and tt32pQ42-. Chloride and sulfate have been the anions most 

commonly used to monitor and model monovalent and divalent exchange3• 
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As reviewed separately by Knauf3 and Passow4 , the following observations 

indicate that band 3 transports both monovalents and divalents similarly. Sulfate 

fluxes, like chloride fluxes, reach maxima and are inhibited at high substrate 

concentrations. This suggests self-inhibition at high substrate concentrations. The 

activation enthalpies for both anions have the same large values. Monovalent anions 

are competitive inhibitors of divalent anions, and vice versa. A large number of band 3 

inhibitors produce the same fractional inhibition of chloride and sulfate transport. 

Notable differences in monovalent and divalent anion exchange are also reviewed in 

references 3 and 4. The rate of transport for divalent anions is about 1 ()4 times slower 

than for monovalent anions5,6 . Most important, monovalent and divalent anion 

transport fluxes are affected in very different ways by changes in pH, as shown in 

Figure 2.1. One observation is that lowering the extracellular pH strongly accelerates 

sulfate flux into chloride-loaded cells7, a. Falke and Chan have provided convincing 

evidence for a band 3 transport mechanism involving a single transport site. 

The unique features of the different responses by monovalent and divalent anions to 

changes in pH can be explained by the 'titratable carrier model'. This model, in its 

present form, basically states that there is an interconversion of the band 3 protein from 

a carrier for a monovalent anion into a carrier for a divalent anion4. The earlier and 

more detailed titratable carrier model postulated three states for the carrier9 . When the 

transporter is unprotonated at a certain site, it can complex with small monovalent 

anions and rapidly transport them. After a single titration reaction at this site, the 

protonated transporter can complex and slowly transport divalent anions. A titration 

reaction at a second site inhibits all transport by band 3. In this model, the band 3 

transport apparatus requires one more proton to transport divalents than to transport 

monovalent anions. 
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Early data on pH effects on sulfate fluxes indicated that a proton activated the sulfate 

flux. The influx of each sulfate to Cl- loaded cells (at pH<7) is accompanied by the 

influx of 0.8 protons for each chloride that exits, while the external solution becomes 

more alkaline 10. Later data suggested that a proton which both alters the selectivity of 

the transporter and activates the sulfate flux may also be the transported proton 11 . One 

additional experiment extends this titratable carrier mcxJ.el: The dependence of a pKa of 

proton activation on the sulfate concentration indicates that the proton and sulfate bind 

in random orderll. 

Figure 2.1 shows that as pH values increase from 6 to 8, the chloride flux 

increases12. Above pH 8, the chloride flux across resealed red cell ghost membranes 

plateausl 3 . Initial experiments showed that at values around 6 to 6.5, sulfate flux is 

maximizedl4 ,15. More recent experiments by Milanick and Gunn have shown that 

external protons activate sulfate influx 100-fold at a single site with a pKa of 5.9 at 22° 

C and 5.5 at 00 C. They postulate that sulfate influx at 22° C between pH 3 and 10 is 

the sum of sulfate transport without an accompanying proton and a proton/sulfate 

cotransport step--both mediated by band 3. The proton-dependent cotransport influx is 

activated by the binding (and transport) of a single proton to a site with an effective pKa 

of 5.9. These results indicate that there is some titratable amino acid residue which 

accelerates the transport rate of divalent anions when protonated8. 

As described below, this protonated amino acid could be either histidine, aspartate 

or glutamate. The fact that a low pKa of the proton binding stimulates sulfate influx 

and inhibits monovalent anion transport has been used to suggest that an important 

carboxylate group is being protonated. The existence of a titratable carboxylate in band 

3 has not yet been proven4. Wieth et al. maintain that anion binding and translocation 

depend on the integrity and degree of protonation of two sets of exofacial groups with 

apparent pKa values of 12 and 5, respectively. These authors suggest that, from the 
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Figure 2.1 

Comparison of the effect of pH on the equilibrium flux of chloride, sulfate, and 

phosphate. The flux units are shown in a logarithmic scale. The anion concentrations 

were 150 mM in the chloride experiment, 1 mM phosphate in the phosphate 

experiment, and 5 mM sulfate in the sulfate experiment. The slopes of the dashed lines 

through the transport values were approximately 2/pH unit. The pH of the intersection 

points between the horizontal dashed lines and vertical lines was approximately 6. 

(This figure was taken from Reference 48a and references therein.) 
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reactivities of phenylglyoxal and other a.-dicarbonyls for the transport site, the group 

whose pKa = 12 is the quanidino group of arginine, while the group whose pKa = 5 is 

likely to be the carboxylate of glutamate or aspartate. They choose a carboxylate 

instead of an imidizole group (as the pH 5 titratable group) because the pKa of this 

titratable group has a low temperature dependence16. In addition, Werner and 

Reithmeier propose that the inhibition of anion exchange by 1-ethyl-3-[3-

(trimethylammonio)propyl]carbodiimide (ETC) in the absence of citrate appears to 

involve the modification of a protein carboxyl residue(s), either directly by ETC or by 

subsequent displacement of the carbodiimide by a hydrophilic nucleophile. Their 

results point to a reversible inhibition of a carboxyl by ETC when stabilized by the 

addition of certain nucleophiles17. Recent evidence has indicated that two glutamate 

(not aspartate) residues lie near the stilbenedisulfonate binding site. The basis for this 

conclusion is that acid hydrolysates of band 3 which has been inhibited by carboxylate 

reagents contain modified glutamates18. Many of these carboxylate inhibition studies 

are difficult to interpret, though, since the rate of anion transport inhibition appears to 

be greatly influenced by the ionic composition and pH of the media inside and outside 

the ce1Isl6,19 ,2o. 

Alternatively, there is strong evidence for the involvement of a histidine residue in 

red cell anion exchange of divalents. Matsuyama et al. show that, in the absence of a 

pH gradient across the membrane in resealed ghosts, the curve representing phosphate 

flux reaches a maximum at pH 6.8. They propose participation of a histidine residue in 

the transport of both inorganic phosphate and phosphoenolpyruvate21 . There is other 

evidence from Chiba et al. that a histidine residue is present in the active site. In their 

experiment, the amino acid residues of the band 3 protein taking part in the ionic 

interaction with an anion transport inhibitor--eosin 5-isothiocyanate (EITC)--were 

determined by pH titration. Absorbance measurements reveal that EITC is probably 
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interacting with histidine and arginine residues. Furthermore, the intensity of the 

induced circular dichroism (CD) band at 530 nm of the EITC molecule bound to ghosts 

was decreased by pre-incubation with arginine-specific reagents, phenylglyoxal and 1,2 

cyclohexanedione, and histidine specific reagents, diethylpyrocarbonate (DEPC) and p­

diazobenzene sulfonate. Additionally, it was found that DEPC effectively inhibited the 

sulfate efflux from intact erythrocytes. These results were taken by the authors to mean 

that the histidine residues participate in the anion transport system of human red cells. 

pH titration of the EITC-ghost system shows an intensity change for the pH­

equilibrium profile with a pK value at 6.4. The authors implicate a histidine (with a 

free amino acid pKa of 6.0) as the residue responsible for the interaction of EITC in the 

anion recognition site22 . 

As mentioned above, other laboratories have discounted the imidazole group of 

histidine because it has a rather large enthalpy of ionization3,23,24,25. Such a large 

enthalpy is inconsistent with the observation that the apparent pKa of the transport 

regulatory groups changes very little between ()0 C and 38° C. According to the study 

of Barzilay et al., histidine should have a smaller enthalpy of ionizaion if the 

microenvironment of substrate recognition site bears a positive multipolar character and 

possesses functionally essential groups with electron donor capacity embedded in a 

hydrophobic area. They pointed out that imidazole groups can be implicated as strong 

electron donors ( as can NH2 or SH groups) and, if there is an arginine ( or lysine) anion 

recognition site in a hydrophobic area, the positive charge condition is met. Barzilay et 

al. base their model on inhibitor studies with reversible and irreversible inhibitors with 

large hydrophobic moieties and negatively charged functional groups such as 

substituted stilbene disulfonates26. Their results strongly support the Chiba et al. 

investigation mentioned above. Thus, a histidine may be responsible for the 

protonation step in the cotransport of a proton with sulfate. 
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Sulfate has been the most extensively studied divalent anion since any results with 

hydrogen phosphate (the other major physiological divalent anion) are complicated by 

the monovalent to divalent pKa of 7 .2. Runyon and Gunn have reported that the 

transport of divalent phosphate is negligible in comparison to the monovalent 

species27 . It should be noted that, while both phosphate and arsenate are transported 

by band 3, a fraction of the flux (up to 20%) of both anions may occur via some other 

pathways (possibly via a sodium-dependent cotransport system)28. 

Aubert and Motais demonstrated that the intercharge distance of carboxylates in 

organic dianions transported across the red blood cell membrane must not exceed that 

of maleic acid (3.7 A)29. Although Aubert and Motais never showed conclusively that 

band 3 was the protein responsible for transporting these organic dianions, Haijawi and 

Hider showed that malonate (an organic anion) is transported by band 330. The 

distance of 3.7 A is consistent with the hypothesis of Vogelaar and Chan that residues 

arginine 748 and histidine 752 (in the mouse erythrocyte band 3 sequence) are 

responsible for transporting divalents across the hydrophobic layer in the middle of the 

band 3 channel3 1. In their model, seen in Figure 2.2, the proton's ability to increase 

divalent binding is not an allosteric effect, but results from the protonation of a histidine 

proximal to the arginine responsible for monovalent binding and transport. In an a.­

helix, about 3.5 amino acids form a complete turn, so residues R856 and H860 are 

positioned to allow cooperation in dianion transport. 

The purpose of this chapter's experiments is to address the question of whether 

divalent anions were indeed transported across the membrane by band 3 by binding the 

same amino acid residue(s) as chloride and thus, presumably, by the same mechanism. 

Flux studies are of limited use in this respect because they can only show gross 

transport phenomena. 35c1 NMR experiments .allow study of the binding 

characteristics of chloride within the transport channel, since divalents were transported 
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Figure 2.2 

The mechanism proposed by Vogelaar and Chan is illustrated schematically in this 

figure. The stationary hydrophobic barrier is represented by a shaded horizontal band. 

Mechanisms for the transport of both monovalent and divalent anions have been drawn. 

(Taken from Reference 31.) 
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down the channel and interacted with the same residues as the chloride. 35c1 NMR 

transport site linebroadening studies showed that all dianions tested (sulfate and 

hydrogen phosphate, their analogues selenate and hydrogen arsenate, and molybdate) 

can reduce 35Cl-'s DNDS-sensitive NMR linecbroadening. This is demonstrated by the 

calculation of apparent Ko's from best-fit curves using an equation describing Ko's for 

a homogeneous set of binding sites. However, no divalent anion was completely able 

to prevent chloride from binding to the active site within the range of concentrations 

used. This was demonstrated by the dianions' inability to abolish the chloride DNDS­

sensitive linebroadening. Hydrogen phosphate and hydrogen arsenate, in particular, 

had unexpectedly low Ko's. Additionally, plots of activity versus DNDS-sensitive 

linebroadening for these two anions unexpectedly level off. It is possible that only a 

fraction of the hydrogen phosphate are interacting with chloride at the transport site. 

This possibility, in conjunction with the increasingly smaller activity coefficients at high 

concentrations, precludes saturating the transport site. Falke and Chan have described 

a mechanisms of inhibition of transport-site linebroadening. The divalent anions show 

behavior consistent with prevention of exchange at the transport site or with 

competition at the transport site54. 

35c1 NMR was also used to observe the characteristics of chloride binding to the 

transport site in the presence of divalent anions over a range of pH's. It appears that 

pH has very little effect on divalent anion binding to the chloride transport site. 

Monovalent oxyanions seem to compete somewhat more effectively than divalents for 

the chloride binding site, but the effect is within experimental error. Selenate and 

hydrogen arsenate seem to bind the chloride binding site more effectively than their 

smaller, more hydrated, and more electronegative analogues, sulfate and hydrogen 

phosphate. 
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BACKGROUND 

35c1 has a nuclear spin of S=3/2 and an electric quadrupole moment. Accordingly, 

there are 4 nuclear energy levels and there are three possible ~m = ±1 transitions in the 

presence of an applied magnetic field. The shape of the spectrum is determined by 

quadrupolar effects. When the electron cloud surrounding the nucleus is unperturbed 

so that the cloud has spherical symmetry (in the case of a chloride ion in a vacuum), 

the three transitions have the same resonance frequency and linewidth. In this case, a 

single Lorentzian line is observed in the NMR spectrum for the 3 transitions. 

However, in a crystal the three transitions do not have identical resonance frequencies 

due to the electric quadrupole interaction. In that case, all three transitions are visible in 

the spectrum. The middle transition (m1 = 1/2 --> -1/2) occurs at about the same 

frequency as the single line for the chloride ion in solution, but the flanking transitions 

(mi = 3/2 --> 1/2 and -1/2 --> -3/2) are separate from the central transition. The central 

resonance contains 40% of the integrated intensity and the other 2 transitions contain 

30% each of the integrated intensity. 

For chloride in solution, rapid tumbling of the electric field gradient relative to the 

static magnetic field averages the quadrupolar interaction (and thus the quadrupolar 

splitting) to zero and a single Lorentzian line is seen, as it is in the case of a chloride ion 

in a vacuum. The tumbling of hydrated chloride ions in water is unrestricted, essentially 

isotropic and rapid. The tumbling is rapid enough to average the quadrupolar 

perturbation to zero. When rotc << 1 (where ro is the NMR frequency and 'tc is the 

correlation time for the isotropic reorientation of the field gradient), the collapsed 

resonance widths of the three transitions are the same as are the nuclear spin relaxation 

rates, 1/Tl and l/T2. The fluctuation of the energy levels from the tumbling enhances 
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the observed relaxation rate so that the observed resonance is about 10 times broader 

than in the vacuum case where there is no quadrupolar interaction32. 

When chloride is bound to the membrane-associated protein binding sites, it slows 

the tumbling sufficiently so that the chloride oriented in the binding site should give a 

spectrum similar to that in an oriented crystal. This is because a large quadrupolar 

interaction occurs when chloride binds to an asymmetric binding site on a protein. The 

powder pattern is not observed. Because in the rapid exchange conditions that exist for 

chloride associating and dissociating for the transport site, the binding events that the 

chloride ion experiences have random orientations. This reduces the observed 

quadrupolar splitting because the ion experiences an average environment32. 

For all samples in these experiments, the concentration of chloride in solution is 

over 1000 times larger than the concentration of the bound chloride. The Lorentzian 

shape of the solution chloride resonance therefore dominates the spectrum. However, 

when chloride binds sites on the protein, it can cause broadening of the observed 

spectrum. This results from frequent sampling of the protein binding site by the 

solution chloride ions and the large difference between the spectral widths of solution 

and bound chloride. The linewidth of solution chloride is about 10 Hz. The line width 

of chloride bound to a site on a protein in solution has a spectral width of 104 to 1Q6 

Hz. 

In the rapid exchange case, each chloride ion visits many binding sites before 

magnetization in the x-y plane dephases. The quadrupolar splitting must be averaged to 

zero due to sampling of different binding site orientations. The observed resonance 

frequency in the rapid exchange limit is similar to the resonance frequency of the 

solution chloride. In the slow exchange case, complete dephasing occurs during a 

single visit to the binding site. If the on-rate for binding is sufficiently large then the 
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observed line width will be larger that the pure solution32. The theoretical treatments of 

this subject are available elsewhere33. The experimental justification for the 35c1-

linebroadening assay is that, at constant concentrations of chloride, 35CI NMR 

linebroadening is directly proportional to the concentration of chloride binding sites on 

leaky ghost membranes33. 

PND8-8ensj,tj,ve Unebroqd.e.nmg, 

It has been shown by Falke et al. that 4,4'-dinitrostilbene-2,2'-disulfonate or 

dinitrostilbenedisulfonate (DNDS) is a competitive inhibitor of chloride binding to band 

3 transport sites. As a reversible inhibitor of anion transport by band 3, DNDS has a 

high affinity for the chloride binding site in band 3. This is evidenced by its low 

apparent dissociation constant, or Ko, of 6.4 ± 0.5 µM. Thus, linebroadening which 

occurs in the presence of DNDS can be subtracted from total linebroadening of a given 

sample to generate the DNDS-sensitive linebroadening, or transport site 

linebroadening33. 

t:X,pressions for '.K;u_g,nct ~ 

The Kn curves are the nonlinear least-squares best-fit plots (y = A - Bx/ (x + Kn)) 

for a homogeneous set of binding sites where Kn is the a12parent dissociation constant, 

A is a constant describing the maximum linebroadening possible (when there is no 

inhibitor present), and Bis a constant characteristic of the band 3 transport site which 

represents the inhibitor-sensitive linebroadening (usually having values of between 1 

and 2). These curves are calculated assuming that the DNDS-sensitive sites represent a 

class of identical sites. This is a reasonable assumption based on the shape of the 

curves. The relationship between Kn, the apparent dissociation constant, and Ki, the 

actual dissociation constant, is found by the equation, Kn= Ki ( 1 +[CI-]/ Kr). [CI-] 

is 150 mM in these experiments, and Kr is 67 mM, the actual dissociation constant for 
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chloride at the transport site. The apparent Ko's of the DNDS-sensitive sites are larger 

than the acual K1 values because the former are obtained in the presence of competing 

chloride. This apparent dissociation constant increases linearly as a function of chloride 

concentration. The derivation of these equations has been described by Falke et al.. 

The value in obtaining K1 lies in the fact that it is a measure of the affinitiy of a substrate 

for a binding site. In particular, K1 = koff / kon, where koff is the dissociation rate, and 

kon is the association rate34. 
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MATERIALS AND METHODS 

ttaterWs 

Cliemicafs: Reagents and their sources are: sodium phosphate and sodium chloride 

(Malinckrodt); sodium selenate and sodium arsenate (Aldrich); sodium sulfate, sodium 

citrate and sodium chloride (J.T. Baker Chemical Co.); 0.22 µm filters (Nalgene). 

nethods 

7{9vfi Samp(e Preparation for 'K'[) 'E;rperiments. 

Buffers used in the NMR experiments containing 2 x concentration were prepared. 

The final concentration of chloride was 150 mM for all experiments. All buffers were 

filtered before use. Buffers and membranes were kept on ice at all times to maintain the 

temperature at 4° C. The ionic strengths were kept constant at 1.35 and pH 8 using 

sodium citrate. Three ml of 2 x concentrated NMR buffer were added to 3 ml of ghost 

membranes in test tubes on ice. For some of the initial experiments, the test tube 

suspension was sonicated for 3 to 4 minutes on ice, using a Heat Systems-Ultrasonics 

Model W33SR sonicator at an output setting of 7 with a 50% duty cycle. Nitrogen was 

blown into the sample tubes to reduce oxidation of lipids. Sonication does not result in 

a significant change in the 35c1 transport site linebroadening32; it merely fragments the 

membrane to prevent protein aggregation orvesiculation35. Phase contrast microscopy 

showed that ghosts did not reseal after adding NMR buffer, performing the NMR 

experiment and allowing to sit overnight at 4° C. They retained their normal shape 

even in the presence of high ionic strength buffers. 

DNDS (the band 3 active site inhibitor) stock solution (40 mM) was prepared in 

water. 100 µI of DNDS was added to every other NMR tube. 100 µ1 of water was 
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added to the other half of the tubes. The final concentration of DNDS was 1 mM when 

the ghost suspension was added to the samples. 

9{9vf9? Sampt:e Preparation for p:Jf 'Ezyeriments. 

One hundred ml of 2 X concentration NMR buffer was prepared. After the ghosts 

had been added, the final concentration of buffer components was 0.15 M NaCl, 20% 

D2O (v/v) and 50 mM divalent anion. This solution had an initial pH of 5.5 which 

was attained by adding citric acid. The pH was raised in 0.25 pH unit increments by 

adding concentrated NaOH while stirring the ghost/NMR buffer suspension. 

Concentrated NaOH was added to minimize volume changes which affect protein 

concentrations and therefore the amount of linebroadening. After reaching the desired 

pH, 3 ml aliquots were added to NMR tubes containing DNDS or water, as above. 

35C( 9{9vf9? SpectroscoJJ-U. 

Except for one selenate Ko experiment, 35c1 NMR spectra were obtained using a 

JEOL FX-90 NMR spectrometer. The 35c1 resonance frequency on this instrument is 

8.8 MHz. The spectral width was 1000 Hz, containing 256 data points and centered on 

the solution chloride peak in the 35c1 NMR spectrum. A window of 10.0 Hz 

linebroadening was added to the samples to improve the signal to noise ratio. The 

central 500 Hz of the spectrum were plotted and the 35c1 peak line width at half-height 

was measured by hand. Ten mm NMR tubes were used without spinning. The 

temperature was maintained at 4° C and 400 to 800 scans were obtained for each 

sample. 

In one selenate Ko experiment, 35CI NMR spectra were obtained on a Varian 

XL200 spectrometer at the 35CI resonance frequency of 19.6 MHz. The width at half 

height was measured directly by the spectrometer. 
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7{:M1? SampCe Jitnal!Jsis. 

Samples were stored on ice at 4° C prior to analysis. Modified36 Lowry assays37 

were performed to determine protein concentration so that linebroadening could be 

normalized. 

:Microscopu. 

NMR samples were examined using a Zeiss Model D7082 phaase-contrast 

microscope. Photographs were taken using Kodak Pan 400 film. 

Curve 'Fitting. 

Up to 12 data points were obtained for each point on the sulfate Ko curve. These 

were averaged to obtain the final value for the point. Up to 10 data points were 

obtained for each point on the hydrogen phosphate Ko curve. Up to 4 points were 

obtained for each point on the molybdate curve. Because of the low sum of squares 

value for the hydrogen arsenate experiment, only one data set was obtained. The 

curves were fit to the equation y = A - Bx / (x + Ko) in the Background section using 

two different curve fitting programs. 

The average value of each point in the sulfate pH curve in was taken from the 

average of values at that pH for 4 data sets. Two data sets were obtained for the 

hydrogen phosphate pH curve. These had different two concentrations of hydrogen 

phosphate. 
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RESULTS and DISCUSSION 

'.Dwal&nt dni,ons tlG\I Com11ete: wi,tb Cl-=-for its Band 3 Anton 

:Bimling Sm: 
In an effort to clarify the question of whether the divalent anions are being trans­

ported via the same mechanism as monovalent anions in band 3, 35Cl NMR com­

petition experiments were performed on a variety of divalent anions. Falke et al. have 

shown that the DNDS-sensitive sites are transport sites33. If an anion competes with 

chloride for binding to an anion binding site, the 35Cl NMR assay can be used to study 

the anion's binding. In such an experiment, the concentration of chloride is held 

constant, while the anion's concentration is varied33. Figures 2.3-2.5 show the plots of 

transport site linebroadening versus [A2-J for the divalent anions HP042-, S042-, 

HAs042-, Se042-, and Mo042-. Table 1 summarizes the Kr's for these anions. This 

series was chosen for two reasons. Sulfate and hydrogen phosphate are physiological 

band 3 substrates. In addition, the greatest amount of information on divalent anions 

interaction has been gathered in experiments using sulfate and, to a lesser extent, 

phosphate. The plots in Figures 2.3-2.5 seem to show that hydrogen phosphate and 

sulfate compete with chloride for binding at the band 3 transport site. Their analogues, 

Se042- and HAs04 2-, also decrease the DNDS sensitive, or transport site 

linebroadening . The large size of the hydrated dianions and their larger analogues does 

not prevent them from reducing the DNDS sensitive linebroadening. The radii of these 

ions is found in Table 2. If only the crystal radius or the hydrated radius of the ions is 

important for binding at the transport site, molybdate and sulfate should have similar 

Kr's. The Kr of molybdate was measured since molybdate and sulfate are 

approximately the same radii and are completely divalent at pH 8.0 . They did, in fact, 

have similar Kr's. Yet there is no obvious correlation between hydrated 
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Figures 2.3 to 2.5 

Apparent dissociation constant (Ko(apparent), or Ko) curves for different divalent anions 

are shown in these figures. The curves are calculated using a least-squares best-fit 

program using the equation y = A - Bx / (x + Ko). A is a constant describing the 

maximum linebroadening possible with no inhibitor present. B is a constant 

characteristic of the homogeneous class of band 3 transport sites which lead to inhibitor 

sensitive linebroadening. K1 (the actual dissociation constant) is found from the 

equation Ko= K1 ( 1 +[CI-]/ Kr). [CI-] is 150 mM, the constant concentration of 

chloride used in these experiments. Kr is the actual dissociation constant for chloride at 

the transport site. In Figure 2.3, (A) shows the curve for hydrogen phosphate and (B) 

for hydrogen arsenate. In Figure 2.4, the curve for molybdate is shown. In 2.5, (A) 

shows the curve for sulfate and (B) for selenate. 
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Molybdote KD Experiments 
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Table 1. A comparison of apparent dissociation constants (heretofore called Ko or 

Ko(apparent)) measured by 35CI NMR at a constant [CI-] of 150 mM at 4°C), actual 

dissociation constants (K1) and the literature values for the dissociation constants of a 

variety of anions transported anions. Ko's were fit from the nonlinear least-squares 

best-fit curve of y = A - Bx I (x + Ko), where A is the maximal transport site 

linebroadening and Bis a constant characteristic of the homogeneous class of DNDS 

sensitive binding sites. Ki's were calculated from the experimentally obtained Ko's 

using the relation Ko=K1(1 +[Cl-J/Kr) . 

Anion .Ko(mM) 

F- 290± 3oa 

c1- 19()a 

Br- 90± 1Qd 

1- 34± 3a 

HCQ3- 55±4a 

Mo042- 8oe 

SO42- 77e 

SeO42- 45e 

HPO42- 21e 

HAsO42- 8.4e 

KI <actual) (mM) 

88a 

36±4d 

1oa 

24±11e 

23±11e 

14 ± 10e 

KI (literature)(mM) 

88b 

65±5C 

lQb 

53 - ?Oh, 80i 

a Measured as in Reference 33 by competing the anion with 100 mM CI- at 4° C. 
b From Reference 48 at 00 C. 
c From Reference 49 at 00 C. 
d From Reference 32 at 4° C. 
e Measured as described in text by competing the anion with 150 mM Cl- at 4°, pH 8. 
f From Reference 15 at ()0 C. 
g As reviewed in Reference 3 at 00 C. 
h From Reference 40 at 25oC. Values were taken from the half-maximal flux since the 
dependence of phosphate flux was found to be sigmoid in Reference 41 
i From Reference 41 at 25° C. 
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Table 2. Different radii for monovalent and divalent anions discussed in this chapter 

or experimentally determined to be transported by band 3. 

anion ionic radius 

(crystalline) 

rj (A) 

p-

Br 

a p. 73 in Reference 51. 
b p. 597 in Reference 51. 
c p. 483 in Reference 51. 
d Reference 52. 
e Reference 53. 

2.66C 

3.23C 

2.90C 

3.Q5C 

2.95C 

3.15C 

2.95C 

3.15C 

ionic radius number of waters of 

(hydrated) primruy shell hydration 

0 

rh (A) n 

3.52a 4± 1b 

3.32a 1 ± 1b 

3.3oa 1 ± 1b 

3.31a 1 ± 1b 

3.85d 

4-4.5e 
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ionic radius and K1 since fluoride, with a large hydrated radius, has a very different Ki 

than iodide. 

In theory, the DNDS-sensitive linebroadening should go to zero as the concentration 

of dianion increases and saturates the transport site. Two possible scenarios can explain 

why this did not occur. First, the activity coefficient of the divalent anions continues to 

decrease to the point where much of the increase in dianion concentration is off set by 

the decrease in the activity coefficient for that anion. For example, at 25° C Na2SO4 has 

an activity coefficient of about 1 at infinitely dilute concentrations, 0.452 at 0.1 molal 

and 0.294 at 0.4 molal38. The effect of the decrease in activity on the Ko curves for 

several divalent anions is illustrated in Figures 2.6-2.7. In Figure 2.6, the sulfate's 

activity is plotted against transport site line broadening. The activity, a, is obtained from 

the equation of a = y x m, where y is the activity coefficient and m is the molality of the 

solution at 25° C.The divalent competition experiments were actually performed at 

concentrations measured in molarity. Because citrate is present in the solution, there are 

negligible changes in solvent volume. (This is because citrate, used to buffer and 

maintain ionic strength, occupies enough mass to compensate for differing amounts of 

solute.) However, the conversion from molarity to molality introduces an 

approximately constant conversion factor when the solute is not too heavily hydrated or 

has too high a molecular weight. For sulfate, a conversion factor of 0.937 was needed 

because Na2SO4 (anhydrous) was used. For hydrogen phosphate, a constant 

conversion factor of 0.889 molal/molar was used. However, hydrogen arsenate is 

heavily hydrated and has a large molecular weight (not compensated by citrate) so 

conversion factors were calculated for each concentration. They ranged from 0.933 at 

dilute concentrations to 0.873 at high concentraions. Since the dissociation constant, 

Ko, was so low, it was divided by 0.933 to convert from molal to molar. Further, we 

have assumed that the change in activity coefficient (based on activity coefficients for 
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Figures 2.6 and 2.7 

Plots of activity versus DNDS-sensitive linebroadening are shown in these figures. 

The dissociation constants (Ko) are calculated using the equation y = A - (Bx/(x+ 

Ko)). Activities are used instead of molar concentrations as the values for x above. 

The resulting Ko is given in molal. In the case of sulfate and phosphate, molal is 

directly converted to molar by dividing by constants (0.937 and 0.889, respectively). 

Molality is converted to molarity for arsenate using a concentration dependent 

conversion factor (0.933). Selenate's activity coefficients were not found. 
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H2SO4 at dilute concentations and more general characteristics of Na2SO4 activity 

coefficient curves39) is linear in the region of 0.0 molal to 0.1 molal. The same 

asssumption between 0.1 molal and 0.2 molal because the change is relatively small 

(0.452 to 0.371). Finally, the density of water changes from .9999 to .9971 from 5° C 

to 25° C while the activity coefficients change less than 10% in all listed (monovalent) 

cases in the same temperature range38. Because the errors are already large, the 

assumptions made are valid. When the Ko curve for sulfate was plotted using the 

activities, the apparent Ko was calculated to be 0.916 molal, which converts to 97.7 

mM. An apparent Ko of 97. 7 mM gives an actual K1 of 29 .4 mM, which is somewhat 

closer to the literature value than the value obtained using concentrations. 

The second problem lies in the fact that DNDS is much less soluble at high 

concentrations of inorganic oxyanions than it is in citrate, as evidenced by salting out 

phenomena at high dianion concentrations in samples with DNDS. This is presumably 

due to the fact that the number grams of solute increases slightly between 0.0 M dianion 

and 0.4 M dianion. These experiments were performed at the limit ofDNDS solubility, 

so if there were contaminants in the buffers, they caused precipitation of the DNDS. 

Any samples with obvious salting out were rejected. Thus, the DNDS-sensitive 

linebroadening cannot go to zero even at high concentrations of these inorganic 

oxyanions. The cumulative result is to diminish the magnitude of the effect of the 

dianions on DNDS-sensitive linebroadening and to lower the values for the apparent 

Ko's obtained by this method. 

Sulfate seems to compete with chloride for the transport site as demonstrated by the 

fact that the DNDS-sensitive linebroadening is decreased and can be fit by the least­

squares best-fit to the curve y = A - (Bx/ (x + Ko)). It is also observed that, when Ko 

curves are found for a plot of activity versus DNDS-sensitive linebroadening, the 

sulfate's curve slopes downward towards zero. This is not true with hydrogen 
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phosphate. Although the plot of concentration of hydrogen phosphate versus DNDS­

sensitive linebroadening can yield a Ko, the curve levels off very quickly. Thus, 

hydogen phosphate's curve does not demonstrate an ability to saturate the transport 

site. Saturation is a necessary condition of competitive inhibition. A possible 

conclusion from the hydrogen phosphate Ko experiment is that not all divalent 

hydrogen phosphate is competing directly with chloride for the transport site. 

The literature values for the Ki's of the above oxyanions are shown in Table 1. 

Within experimental error, the value found by 35Cl NMR chloride competition 

experiments for sulfate agrees with the value for sulfate found in the literature. The 

value for hydrogen phosphate is extremely low. However, the literature value is 

actually a half-saturation constant obtained at 25° C. Measurements made at room 

temperature should lead to a higher value for Ko than those taken at 4° C because of 

band 3's high activation energy. (The apparent activation enthalpies lie in the range of 

30 to 35 kcal/mol for slowly penetrating anion species such as sulfate, as reviewed in 

Reference 4.) Within experimental error, using our value for phosphate's Ko at 4° C 

and Schnell's value of 80 mM41, the L\H0 value for the phosphate transport has been 

calculated to be about 20 kcal/mole. Ko values for selenate and hydrogen arsenate have 

not previously been determined. However, based on hydrogen arsenate's 25% 

inhibition of the hydrogen phosphate flux in band 328, it is reasonable to assume that 

hydrogen arsenate binds more tightly to the transport site and has a lower Ko than 

hydrogen phosphate. SO42- appears to be a competitive inhibitor of chloride transport 

by band 3 (as reviewed in Referepce$,,3 and 39)~ Th~ results found by 35Cl NMR 

show that sulfate can inhibit DNDS-sensftive Iinebroadening. 

Hydrogen phosphate transport data are more ambiguous. Kenney and Kaplan have 

reported that about 20% of the inorganic phosphate which is transported across the red 

blood cell membrane is transported via a sodium-dependent cotransport system. 
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Furthermore they found that the addition of arsenate (10 to 20 mM) resulted in a 25% 

inhibition of the band 3 phosphate flux28. In other experiments performed at pH 7.2, 

Dixon plots exhibit a linear relation between the inverse phosphate flux and the 

concentration of inhibiting anions (either sulfate or chloride), but the straight lines 

intersected below the abscissa40. The unidirectional phosphate flux across the red 

blood cell membrane exhibits saturation kinetics with a sigmoidal increase of the flux at 

low phosphate concentrations and self-inhibition at high phosphate concentration41 ,42. 

Interpretations of the data for hydrogen phosphate experiments are complicated by 

several features: 1) As seen in Table 3, one of the pKa's for phosphate is 7.2. Many 

experiments which have been performed at pH's near 7 contain a mixture of 

monovalent and divalent phosphate; this is problematic because it has been reported 

that the divalent anion is transported at a lower rate than the nionovalent27. It has also 

been found that only the monoanionic form of phosphate appears to inhibit chloride 

exchange43. 2) The concentration of unidirectional phosphate flux and the behavior of 

the Dixon plots point to an inhibition which is partly competitve and partly 

noncompetitive39. 3) As mentioned above, another protein can presumably transport 

inorganic phosphate across the red blood cell membrane. 4) Other anions present in 

solution presumably can compete more favorably than phosphate for transport since 

phosphate is transported at a rate 106 slower than chloride and about 10 times slower 

than even sulfate3. 5) The ionic media and pH conditions under which phosphate 

studies are performed affect the results41. In an effort to demonstrate that the Ko's 

obtained in this report are not pH dependent, pH profiles of divalent anion binding to 

the transport site were generated. The 35Cl results obtained for hydrogen phosphate 

and hydrogen arsenate are consistent with a model in which both anions inhibit chloride 

binding to the transport site both noncompetitively and competitively. Thus, plots can 

be generated which will be fit to a Ko curve, but the these two oxyanions will not 
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Table 3. Acid dissociation constants at 25°C for the anions of interest. 

Acid Formula Kl Ki KJ 

Arsenic H3AsO4 6 X lQ-3 1.05 X 10-1 3.0 X 10-12 

Phosphoric H3P04 7.11 X lQ-3 6.34 X lQ-8 4.2 X lQ-13 

Selenic H2SeO4 strong 1.2 X 10-2 

Sulfuric H2SO4 strong 1.2 X lQ-2 
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saturate the chloride binding site. This behavior suggests that a more complicated 

situation exists where only a fraction of the phosphate interferes with chloride binding 

to the transport site even at high concentrations. 

pli FroJiJ&s oJ PiYGl&nt A.nton :Biu4ing to the Iumsport sue 

In order to determine whether dianion binding to the transport site had any pH 

dependence between pH 5.5 to 8.0, the pH profiles of phosphate, sulfate, selenate and 

arsenate in this region were examined. There is little effect of pH on the transport site 

linebroadening for chloride between pH's 5.5 and 8, shown in Figure 2.8. Band 3 pH 

profiles for transport of chloride, phosphate and sulfate were shown in Figure 2.1. pH 

experiments were not performed on molybdate since it undergoes polymerization 

reactions at pH's below 6.0. (For example, an abundant species from pH 4.5 to 6 is 

H3Mo3O114- 44.) 

Figure 2.8 showed that there is no titration event for chloride binding to the DNDS­

sensitive site in the pH range of 5.5 to 8.0. Figures 2.9-2.10 show that, for dianion 

binding to the transport site, there is no obvious titration event in the same pH range. 

Results with sulfate, in particular, are accurately fit to a line with slope of 0. One data 

set was acquired for selenate, but it also gave a horizontal line. When fit to lines, 

hydrogen phosphate and hydrogen arsenate results gave positive slopes. Both have 

monovalent to divalent (H2PO4- <-- > HPO42-) Ka's in this region. The fact that both 

are able to prevent more chloride binding at low pH's is consistent with experimental 

evidence suggesting that monovalent phosphate is transported much more efficiently 

than divalent phosphate27,45_ This would also be consistent with the 3Ip NMR results 

of Labotk:a and Omachi, who report that H2PO4- has an influx rate of 170 while 

HPO42- has an influx rate of 146. However, because of large errors at the individual 

points, it cannot be stated conclusively that the monovalent 
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Figure 2.8 

The effect of pH on the transport site linebroadening. This figure shows no observable 

titration event in the pH range of 5.5 to 8.0. (Taken from J.J. Falke, unpublished 

results.) 
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Figures 2.9 and 2.10 

Figures 2.9 and 2.10 show the effect of titrating on DNDS-sensitive 35Cl NMR 

linebroadening between pH's 5.5 and 8 in the presence of different divalent anions. 

The line for sulfate is obtained from points averaged from four data sets. Phosphate's 

lines were obtained from two data sets at different concentrations. The plots for 

selenate and arsenate each contain 1 data set. 
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form competes more effectively than the divalent for the DNDS-sensitive transport site. 

If only a fraction of the phosphate is binding to the transport site, then the upward slope 

would be significant. Brauer et al. have used 35Cl and 31p NMR to monitor chloride 

binding to band 3, internal and external pH's, and phosphate influx and efflux from red 

blood cells. Their results are consistent with either the model of transport of H2PO4- or 

cotransport of H+ and HPO42-, although they report that more than 80% of the net 

phosphate influx was due to transport of its monoanionic form47• The plots of the pH 

experiments using our experimental protocol show that the Ko's obtained at pH 8 

should be relatively characteristic of the Ko over the pH range of 5.5 to 8. 

CONCLUSIONS 

All divalent oxyanions tested seemed with chloride for the DNDS-sensitive band 3 

active site since all could be fit to curves to obtain Ko's. However, since the Ko 

curves hydrogen arsenate and hydrogen phosphate do not saturate the transport site 

even at high concentrations, there appears to be some mechanism different from that of 

chloride for their transport. The values obtained for the dissociation constants of this 

series of divalent oxyanions were reduced from, but within experimental error of, the 

values of the half-saturation constant obtained by flux experiments. They were low 

because of the low activities encountered at the high ionic strengths used. Another 

explanation is that the low Ko's at the chloride binding site may in fact reflect tighter 

binding at this site (for example, prior to some cooperative interaction with another 

amino acid residue). This is the model of Vogelaar and Chan as shown in Figure 2.2. 

Vogelaar and Chan have proposed that a histidine residue, working in concert with the 

active-site arginine, could allow translocation by providing a positive charge to ion pair 

with the extra negative charge of divalent anions. This histidine stabilizes the dianion's 

interaction with the active site. 



57 

Sulfate and selenate may competitively inhibit chloride binding at the transport site. 

This is especially evident in the plots of acitivity versus 35Cl NMR DNDS-sensitive 

linebroadening, where the curves resemble classical competitive inhibitors. However, 

Falke and Chan have shown that if exchange is prevented (by whatever mechanism), an 

inhibitor will exhibit a curve which can be least squares best-fit to obtain a Ko. This 

was evident for the inhibitor dipyrimidole, although it acts to prevent chloride binding 

to the transport site by blocking the band 3 transport channel. The large size and extra 

charge of both hydrated selenate and hydrated sulfate make it important to demonstrate 

that they are being transported by the same mechanism as chloride and can 

competitively inhibit chloride binding to the transport site. These experiments do not 

prove conclusively show competitive inhibition. They do show that sulfate and 

selenate can interfere with chloride's binding to the transport site. Only a fraction of 

hydrogen phosphate and hydrogen arsenate appear to be competitive inhibitors of 

chloride binding to the transport site, but their inablility to saturate the transport site 

precludes stating that they are transported by the same mechanism as other anions. 

Although there exists a great deal of experimental evidence leading to the 'titratable 

carrier model' for divalent anion transport by band 3, the 35Cl NMR pH experiments 

did not show any definite titration event. If the mechanism for transport is similar to 

that of Vogelaar and Chan, a pH titration event might be visible using 35Cl NMR. The 

fact that a titration event is not seen could be due to two reasons. First, these 

experiments may be too insensitive to the environment around the chloride binding 

active site residue to observe other binding events which involve the divalent anions. 

Second, because 35Cl NMR experiments probe only chloride binding to the transport 

sites, and since translocation is an event separate from binding, 35Cl NMR will not 

assay any titration event which occurs during the translocation process (as distinct from 

the binding process). Thus, the only unambiguous conclusions which can be reached 
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from the pH experiments are that there is no titration event occuring which is detectable 

by this method between pH 5.5 and 8 and that the dissociation constants obtained for 

divalent binding to the chloride binding site are valid over the same pH range for sulfate 

and selenate (and probably for hydrogen phosphate and hydrogen arsenate). These 

experiments also demonstrate a small effect of valency on hydrogen arsenate and 

hydrogen phosphate binding to the DNDS-sensitive transport site. 

REFERENCES 

1. Gunn, R.B. (1980) Mechanisms of Intestinal Secretion (H.J. Binder, ed.) 

Alan R. Liss Inc. New York, 25-43. 

2. Stein, W.D. (1986) Transport and Diffusion Across Cell Membranes, 

Academic Press, New York p. 171. 

3. Knauf, P.A. (1979) Current Topics in Membranes and Transport 12, 249-363. 

4. Passow, H. (1986) Rev. of Physiol., Pharmacol., and Biochem. 103, 61-203. 

5. Dalmark, M. and Wieth, J.O. (1972) J. Physiol. (London) 244, 583-610. 

6. Ku, C.-P., Jennings, M.L., and Passow, H. (1979) Biochim. Biophys. Acta, 

553, 132-141. 

7. Milanick, M.A. and Gunn, R.B. (1984) Am. J. Physiol. 247, C247-259. 

8. Falke, J.J. and Chan, S.I. (1988) J. Biol. Chem. 260, 9537-9544. 

9 Gunn, R.B. (1978) Membrane Transport Processes (J.F. Hoffman, ed.) 

Raven Press, New York, 61-77. 

10. Jennings, M.L. (1978) J. Membrane Biol. 28, 187-198. 



59 

11. Milani ck, M.A., and Gunn, R.B. ( 1982) J. Gen. P hysiol.. 79, 87-114. 

12. Gunn, R.B., Dalmark, M., Tosteson, C. and Wieth, J.O. (1973) J. Gen. 

Physiol. 61, 185-206. 

13. Funder, J.F. Tosteson, C. and Wieth J.O. (1978) J. Gen. Physiol. 71, 721-746. 

14. Lepke, S. and Passow, H. (1977) J. Membr. Biol. 6, 158-182. 

15. Schnell, K.F., Gerhardt S. and Schoppe-Fredenburg, A. (1977) J. Membr. 

Biol. 30, 319-350. 

16. Wieth, J.O., Andersen, O.S., Brahm, J., Bjerrum, P.J., and Borders, C.L. 

(1982) Phil. Trans. Royal Soc. London, Series B. 299, 383-399. 

17. Werner, P.K., and Reithmeier, R.A.F. (1988) Biochim. Biophys. Acta, 942, 

19-32. 

18. Jennings, M.L., and Andersen, M.P., (1987) J. Biol. Chem. 262, 1691-1697. 

19. Knauf, P.A., Tarrshis, T., Grinstein, S., and Furuya, W. (1980) Membrane 

Transport in Erythrocytes (Lassen, U.V., Using, H.H., and J.O. Wieth, 

eds.) Munksgard, Copenhagen. 

20. Jennings, M.L., and Adams, M.F. (1981) Biochem. 20, 7118-7123. 

21. Matsuyama, H., Kawano Y., and Hamasaki, N., (1986) J. Biochem. 99, 495-

501. 

22. Chiba T., Sato, Y., and Suzuki Y. (1986) Biochim. Biophys. Acta 858, 107-

117. 



60 

23. Bjerrum, P.J., Wieth, J.O., Borders, C.L. (1983) J. Gen. Physiol. 81, 453-

484. 

24. Wieth, J.O., Brahm, J., and Funder J., (1980) Ann. N.Y. Acad. Sci. 341, 394-

418. 

25. Brahm, J., (1977) J. Gen. Physiol. 70, 283-306. 

26. Barzilay, M., Ship, M., and Cabantchik, Z.I. (1979) J. Membrane Biochem. 2, 

227-281. 

27. Runyon, K.R., and Gunn, R.B., (1984) Biophys. J. 45, 18a. 

28. Kenney, L.J., and Kaplan, J., (1988) J. Biol. Chem. 263, 7954-7960. 

29. Aubert, L., and Motais, R. (1975) J. Physiol. (London) 246, 259-269. 

30. Hajjawi, O.S., and Hider, R.C. (1987) Mo/. Cell. Biochem. 75, 43-49. 

31. Vogelaar, N. V. ( 1989) Doctoral Thesis (California Institute of Technology). 

32. Falke, J.J. (1985) Doctoral Thesis (California Institute of Technology). 

33. Falke, J.J., Pace, R.J., and Chan, S.I. (1984) J. Biol. Chem. 259, 6472-6480. 

34. Falke, J.J., Kanes, K.J., and Chan, S.I. (1985) J. Biol. Chem. 260, 9545-

9551. 

35. Jon~s, M.N. and Nickson, J.K. (1981) Biochim. Biophys. Acta 650, 1-20. 

36. Markwell, M.A., Haas, S.M., Bieber, L.L., and Tolbert, N.E. (1978) Anal. 

Biochem. 87, 206-210. 



61 

37. Lowry, O.H., Rosebrough, N.J. Farr, A.L. and Randall, R.J. (1951) J. Biol. 

Chem. 193, 265-275. 

38. Robinson, R.A. and Stokes, R.H. (1965) Electrolyte Solutions, Second 

Edition, Butterworths, London 24-29, 457, 479, 481, 500-507. 

39. Guggenheim, M.A., and Stokes, R.H. (1969) The International 

Encyclopedia of Physical Chemistry and Chemical Physics Topic 

15: The Equilibrium Properties of Electrolyte Solutions,Vol. 1 

(R.A. Robinson, ed.) Pergamon Press, Oxford, 111. 

40. Vangala, R., and Schnell, K.F., (1979) Pflugers Archiv. Eur. J. Physiol. 

Supplement to 379, r25 (abstract). 

41. Schnell, K.F. and v. der Mosel, R., (1979) Pflugers Archiv. Eur. J. Physiol. 

Supplement to 379, r27 (abstract). 

42. Schnell, K.F., Besl, E., and v. der Mosel, r. (1981) J. Membr. Biol. 61, 173-

192. 

43. Gunn R.B., Milanick M., and Frolich 0. (1980) Fed. Proc. 39, 1715 (abstract). 

44. Freir, R.K. (1978) Aqueous Solutions, vol. 2, Walter Gruyter, New York. 

45. Berghout, A., Raida, M., Romano L., and Passow, H. (1985) Biochim. 

Biophys. Acta 815, 281-286. 

46. Labotka, R.J., and Omachi, A. (1987) J. Biol. Chem. 262, 305-311. 

47. Brauer, M., Spread, C.Y., Reithmeier, R.A.F., and Sykes, B.D. (1985) J. Biol. 

Chem. 260, 11643-11650. 

48a. Dalmark, M. (1975) J. Physiol. 250, 39-64. 



62 

48. Dalmark M. (1976) J. Gen. Physiol. 61, 223-234. 

49. Brazy, P.C. and Gunn, R.B. (1976) J. Gen. Physiol. 68, 583-599. 

50. Schnell, K.F. (1977) J. Membr. Biol 37, 99-136. 

51. Conway, B.E. (1981) Studies in Physical and Theoretical Chemistry: 

Ionic Hydration in Chemistry and Biophysics, Vol. 12 Elsevier, New 

York. 

52. Nightengale E.R. (1959) J. Chem. Phys. 63, 1381-1387. 

53. Skoog, D.A. and West, D.M.(1976) Analytical Chemistry, Third Edition, 

Holt, Rinhart and Wilson, New York. 

54. Falke J.J., and Chan, S.I. (1986) Biochem. 25, 7895-7898. 



63 

Chapter III 

Determination ofTransmembrane Helices 

INTRODUCTION 

As stated in Chapter I, the main goal of this work was to determine the location of 

the functionally essential arginine in the transport site of the band 3 protein. 14c­

phenylglyoxal was chosen to modify this residue because of its propensity to label 

active-site arginines. (A description of this reaction and its experimental basis can be 

found in Chapter IV.) With the labeling procedure used, two to three arginines are 

labeled per band 3 monomer1. It was therefore necessary to show that the labeled 

fragment(s) contained the active-site arginine. Without proof that the protein is being 

labeled in only one location, a labeling would not necessarily occur at the essential 

arginine at the transport site. For example, without some idea of the protein 

topography, it would be impossible to rule out labeling at a 'loop' or some non­

membrane-spanning, non-helical portion of the protein. This would presumably occur 

somewhere near the end of a transmembrane segment. For example, an arginine within 

the ion channel but near either end might be labeled. Many of the amino acids at the 

interface between the membrane and the surrounding solution were modeled by Chan 
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and Vogelaar2, as well as by the hydropathy plots of Lodish3 , to contain high 

concentrations of positive charges (presumably to direct the negative ions into the 

channel). In addition, Jay and Cantley suggest that from either side of the membrane, 

band 3 can be compared to a positively charged funnel that leads into the center of the 

membrane where the active-site residues are located4 . Without some idea of how the 

protein is folded in the membrane, it would be difficult to show convincingly that a 

labeled proteolytic fragment contains the essential active-site arginine. 

In order to gain a better understanding of the topography of the protein in the 

membrane, this work focussed on determining the composition of the transmembrane 

segments of the band 3 protein (in other words, showing the precise number and 

location of N-termini of the membrane-spanning sequences). The experimental 

approach involved proteolysis of as much of the exposed, non-membrane-spanning 

parts of the membrane as possible and removal of the cytoskeletal components by 

stripping. The lipid-protected transmembrane sequences constituted the remaining 

peptides. Among the major erythrocyte membrane proteins, only two (with appreciable 

quantities, i.e. >200,000/erythrocyte) are known to span the lipid membrane and have 

functional groups exposed to both the cytoplasm and the extracellular solution: PAS-1 

(glycophorin A) and band 35,6. Fortunately, PAS-1 spans the membrane only once 

and should not provide appreciable contamination6. 

Papain was chosen to proteolyze the extra-membrane regions because it is readily 

available and has demonstrated broad specificity for peptide-bond hydrolysis. Falke et 

al. have shown that papain will proteolyze band 3 into a series of small peptides (with 

molecular weights < 8,600 daltons). These form a diffuse band on silver-stained, 

electrophoretic polyacrylamide gels 7. No whole band 3 or large proteins are visible in 

the gel under these conditions. Furthermore, while still in the membrane, the band 3's 

active-site will bind chloride, as determined by 35Cl NMR7. Papain apparently has an 
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active-site region of seven amino acid residues8• This creates a potential disadvantage in 

obtaining all of the transmembrane segments because not all aqueous-accessible 'loops' 

have more than seven amino acids which are exposed to solution. Band 3 has been 

modeled by Vogelaar and Chan to have several membrane-spanning regions which 

almost directly join each other with separations of less than seven residues2. Lodish 

has modeled at least two band 3 transmembrane helices which do not completely span 

the membrane3. (This was diagrammed in Chapter l, Figure 1. 1.) 

The band 3 helices have been shown to be closely associated by protein-protein 

interactions in the membrane 7. Other studies indicate that they share the following 

characteristics which make them difficult to separate: (1) they are amphiphilic but 

similar in their overall hydrophobicity; (2) they are ex-helices, with the same secondary 

structure; (3) they are approximately the same size. Appendix I in Chapter IV describes 

conventional experimental methods which failed to separate these transmembrane 

helices. This chapter describes the modification of an experimental method to separate 

the transmembrane helices. The method was developed by Tomich et al. to separate 

synthetic hydrophobic peptides9 . It is important to note that sequencing, in general, 

can be accomplished on only the first 10 to 25 amino acids of a peptide, unless it is 

extremely pure and highly concentrated. Because of the difficulty in obtaining pure, 

concentrated peptides and due to the extreme hydrophobic character, it proved 

impossible to find all of the transmembrane peptides. 

Theoretically, 21 hydrophobic amino acid residues in an ex-helical arrangement can 

traverse the lipid bilayer once10• Assuming 28-35 amino acids are needed to traverse 

the membrane and form a 'loop', then the 509 amino acid integral membrane domain 

can have at least 15 transmembrane helices. In this chapter, a method is described for 

separrating generating and separating transmembrane helices. Then the N-termini for 6 

transmembrane helices in band 3 are determined. 
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MATERIALS AND METHODS 

'.Mq.teriaLs 

Cliemicafs: Reagents and their sources are: Beta-mercaptoethanol, sodium dodecyl 

sulfate (SDS), L-cysteine hydrogen chloride, n-octyl-13-D-glucopyranoside 

(octylglucoside) and phenylmethylsulfonylfluoride (PMSF) (Sigma Chemical Co.); 

morpholine, High-Performance Liquid Chromatography (HPLC) grade acetonitrile, n­

propanol, and trifluoroacetic acid (TFA) (Aldrich Chemical Co.); dichloromethane, 

anhydrous diethyl ether, nitric acid, and acetic acid (Mallinckrodt); dimethylformamide, 

tetrahydrofuran, and methanol (all HPLC grade) (Burdick and Jackson); papain 

(Caricca papaya) (Calbiochem), [35s]SDS (Amersham), dithiothreitol (DTT) 

(Schwarz/Mann Biotech). Scintillation counting was performed using 10 ml of Safety­

Solve (Research Products International). 

tle:thocis 

(jfiost Preparation: 

Recently outdated human blood (packed red cells) was a kind gift of the Los 

Angeles Chapter of the American Red Cross. One to two units of any blood type were 

mixed and ghost membranes were prepared as described previously11 , 12 with 

modifications described elsewherel3. 

Papain Proteo{usis of (jfiost Afem6ranes: 

Papain's thioester active site was first activated with cysteine. The papain activating 

solution consisted of 250 ml of 50 mM sodium acetate pH 5.2 and 10 ml of 
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1.75% L-cysteine hydrogen to which 2.5 g of papain had been added. This suspension 

was stirred gently, then centrifuged at room temperature for 20 minutes at 11,000 rpm 

(19,700 x gmax). The pellet contained any unactivated (or excess) papain and 

contaminants. Two to three volumes of this papain solution were mixed with one 

volume of ghost membranes in SS-34 Sorvall centrifuge tubes and incubated at 37°C 

for 1.5 hours in a shaker bath, with vortexing every 5 to 10 minutes. The purpose of 

continual shaking and vortexing was to prevent aggregation of the papain-treated ghost 

membranes. Proteolysis was inhibited by pelleting the membranes twice at 15,000 

rpm (27;000 x gmax) for 15 min in 5 mM Na2HPO4 adusted to pH 8 (henceforth called 

5P8) and aspirating the supernatant 

'Wasfr.ing ana Stripping: 

All washes were performed in SS-34 Sorvall tubes at 15,000 rpm (27,000 x gmax) 

for 15 minutes. The resulting hard pellets were resuspended by pipeting and/or 

vortexing after aspirating off supernatant and adding the next solution. 

High pH stripping of ghost membranes: Ghosts were stripped of the cytoskeletal 

proteins and proteolytic fragments by exposure to high pH at low ionic strength. This 

was accomplished by washing first in water, and then in 10 mM NaOH, and again in 

water. The pH was then lowered by the salt washes below. 

High-salt washes of ghost membranes: High-salt washes disrupt salt bridges and ionic 

interactions of fragments or cytoskeletal proteins with integral membrane fragments. 

Ghosts were washed once in 250 mM NH4Cl in 5P8, once in 100 mM NH4Cl in 

5P8, and lastly in 5P8 to return the conditions to normal. 
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Initial 9-fPLC: 

Proteolyzed, washed and stripped ghosts were solubilized by adding 1 volume of a 

10% SDS (w/v) solution to 9 volumes of ghost preparation. Purification of membrane­

spanning peptides was carried out using a nonionic detergent based system. This 

method is based on a method for the solubilization and purification of hydrophobic 

synthetic peptides developed by Tomich et al. 9. Both mobile phase buffers (A and B) 

were deaerated by simultaneously sonicating and aspirating. A Vydac C1s Model 

218TP510 semi-preparative reverse-phase column was equilibrated with buffer A 

(0.2% v/v TFA, 0.1% v/v morpholine, 0.1% w/v octylglucoside in 95% H2O, 5% n­

propanol). The concentration of the organic phase, buffer B (0.2% v/v TFA, 0.1 % v/v 

morpholine, 0.1 % w/v octylglucoside in 45% n-propanol, 45% acetonitrile, 10% H2O) 

was increased according to the following scheme: 
Time Program 1 

time function value 
(min) 

0.1 total flow 0.8 ml/min 
0.1 B concen. 0 % 
0.1 wave length 215 nm 
20 total flow 0.5 ml/min 
20 B concen. 60 % 
30 B concen 85 % 
50 B concen 94 % 
57 B concen 94 % 
76 B concen 95 % 
86 B concen 95 % 
93 B concen 96 % 
100 B concen 96 % 
107 B concen 97 % 
114 B concen 97 % 
118 B concen 98 % 
120 B concen 98 % 
125 B concen 99 % 
128 B concen 99 % 
135 B concen 100 % 
140 B concen 100 % 
155 B concen o. % 
165 B concen 0 % 
165 total flow 0.5 ml/min 



time 
(min) 

170 
stop 

function 

total flow 
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Time Program 1 (continued) 

value 

0 m1/min 

One ml of the SOS solubilized membranes was injected on to the column using a 1 

ml injection port. Elution of the peptides was monitored at 215 nm using a Shimadzu 

Model SP0-6 AV wavelengh uv-vis detector. All chromatographed sample fractions 

were collected at 3 minutes per tube. 

Preparation g/Sampfe.s for Secant£ mu: 

The fractions comprising a particular peak were combined from at least 7 HPLC 

runs. About 1 ml of 10% SOS was added to the pooled fractions. This mixture was 

then lyophilyzed to near dryness (from 2 to 5 ml depending on the original fraction 

volumn). The cloudy suspension was then dialyzed against 1.5 to 2 1 of a 1 mM HCl, 

0.01 % SOS solution to remove the residual TFA and morpholine and all 

octylglucoside. This dialysis step was necessary since the octylglucoside prevented 

large quantities of sample (>.15 ml) from being injected on to the column. The SOS 

and low pH helped to keep the protein solubilized. The resulting dialysate was 

frequently cloudy. If this step was omitted, high back pressures developed on the 

column. 

Secant£ mLc: 

One ml of the above dialysate was load~ onto the column with buffers A and B as 

described above. However, the gradient was changed to the following: 
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Time Program 2 

time function value 

total flow 0.6 m1/min 
B concen. 0 % 
wave length 215 run 
total flow 0.8 m1/min 
B concen. 0 % 
B concen. 40 % 
total flow 0.8 m1/min 
B concen. 100 % 
B concen. 100 % 
B concen. 0 % 
total flow 0.8 m]/min 
total flow 0 m1/min 
stop 

Protein Seq,uencinq: 

Samples were prepared for sequencing as they were above for the second injection 

onto the HPLC. However, a second dialysis was performed to ensure that the total 

concentration of SOS in the final sample did not exceed 0.01 % .. The dialysates were 

lyophilyzed to insure that the protein concentration was high (approximately lOµM of 

protein per sample) and the sample volume was small ( <300 µl). 

From 150 µl to 400 µI of fractions prepared as above were sequenced by automated 

Edman degradation on an Applied Biosystems Model 477 A pulsed liquid 

microsequencer. The PTH derivatized amino acids were analyzed on a narrow bore 

HPLC (Applied Biosystems Model 120A). Most of the proteolyzed fragments were 

sequenced at the Sequencing Facility at the Children's Hospital of Los Angeles. The 

remainder were sequenced at the California Institute of Technology Microsequencing 

Facility. 

Amino acid analysis was performed by the Caltech Microsequencing Facility. 
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Sequence Jif.(ignment: 

Determination of the sequence position within band 3 was performed using the 

DNA Master program (L. E. Hood Laboratory) at the California Institute of 

Technology. The first pure sequences were subjected to a computer search of all 

proteins in the Protein Information Resource data bank (which contains over 10,000 

protein sequences) using the method of Lipman and Pearson (this method does not 

yield a percentage; it yields a weighting factor out of 100, which is biased by conserved 

versus non-conserved substitutions)14. Because some of the less pure proteolysis 

fragments were not long enough to give unambiguous search ratings, they were 

compared only with band 3. The sub-program called Sub-sequence Homology 

(between 2 sequences) or Similarity Comparison Between Two Sequences was used 

to predict likely sequences in band 3. This was followed by a more exact alignment 

performed using the method of Needleman and Wunsch15. The experimentally 

determined sequence was also compared with glycophorin A (the second most 

abundant integfal mediora1fe···protein- in erythrocyte·-ghosts) .and .with papain. The 

comparison with glycophorin A was used to determine if the single membrane-
-.-., ''"!·1• 

~ ~ 

spanning helix ftom that protein had been obtained. The comparison with papain was a 

control to determine the amount of homology with a random protein. 

Interpretation of Jif.mino kit:£ Jit.nalusis: 

The general scheme for the amino acid analysis can be summarized as follows. The 

N-terminal position of the proteolyzed peptides were known. From this amino acid, 

different length fragments of the mouse erythrocyte band 3 sequence were input into a 

computer program which counted the number of each residue in a peptide. The lengths 

of the input peptides were varied in 5 amino acid increments from 30 to 80 residues. If 

there was a detectable amount of histidine, the initial amounts of amino acid in the 
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analysis was normalized to 1 histidine. Then this amino acid analysis (normalized to 

one histidine) was compared to the counts obtained above. The number of histidines 

was adjusted to obtain values for proline and arginine (and then leucine and valine, and 

the all other amino acids except those discussed below) which best fit an amino acid 

count for one of the different lengths of sequence. In these analyses, normalizations 

based on 1 histidine gave values for arginine, proline, tyrosine, isoleucine, lysine, 

methionine, and threonine, which were close to the values in one of the tallys for that 

sequence starting point. The same method was used to find the most likely length 

within the 5 amino acid increment. 

Residues G and S were ignored in the amino acid analyses since they gave 

anomalously high values (possibly due to residual G and Sin the dialysis tubing, pipet 

tips, etc.). D, E, N, and Q gave low values. D and E many have had low values due 

to poor extractability in the instrument16. W is acid-hydrolyzed. C is frequently 

undetectable16. N and Q were not present due to deamidationl6. Using this approach, 

the length of the peptide was approximated. 

f35s/sns mu stutfies : 

Three serial dilutions of [35s]SDS in 10% cold SDS were performed to determine 

the amount of [35s]SDS to be loaded onto each column. The non-protein SDS sample 

was prepared by making a 0.05% [35S]SDS/10% SDS solution. Ten µl of this 

solution were injected onto a 25-cm octylglucoside-equilibrated C4 Vydac analytical 

column. One ml fractions were collected. A 200 µl aliquot from each fraction was 

added to scintillation vials containing 10 ml of scintillation cocktail. Each vial was 

counted for 2 minutes using a Beckman LS9000 scintillation counter. The protein / 

SDS sample was prepared by adding 50 µl of a 0.05% [35s]SDS-10% SDS solution to 

450 µl of freshly prepared erythrocyte ghosts that had been stripped of nonintegral 
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membrane proteins as above. This solution was boiled for 5 min, and 250 µl were 

injected onto the C4 column. For each, one-ml fractions were collected, 300 µl were 

added to 10 ml of scintillation cocktail and counted for 2 minutes. 
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RESULTS and DISCUSSION 

[3 5s ]lS;DS Chrom,q.togrcwhw Studies: 

[ 35S]SOS was passed over the column to judge how effectively the SOS was being 

removed from the sample. This was important because, with other detergent-based 

HPLC, the SOS in the mobile phase elutes from the column with the proteins. The 

proteins presumably were contaminated with some lipid (demonstrated by joule heating 

of gels). Additionally, the proteins eluted as detergent-protein micelles containing a 

number of different sizes of protein per micelle. Figure 3.1 shows the elution profiles 

for the radiolabeled SOS using this experimental protocol. Very similar profiles were 

obtained with and without protein. If SOS had bound tightly to the peptides, so that 

mixed micelles occurred as described above, the radiolabel should have co-eluted with 

the proteins. The SOS repeatedly eluted at 55% B, indicating that this procedure 

removes the SOS, and probably the lipids with it. Mixed micelles of protein and 

octylglucoside were probably present, but the SOS did not stick to the proteins. The 

current model for the observed separations (as described in Reference 9) is that, below 

the critical micelle concentration, monomers of octylglucoside bind the column support 

and reduce the potential sites of interaction on the solid matrix. This allow peptides 

which would normally tightly bind the column to elute. Thus, this method is ideal for 

hydrophobic proteins or peptides. 

Chq.rqcteri,stics of the flPLC Profj!es: 

Figures 3.2 and 3.3 show the typical HPLC profile of the papain-generated 

peptides. This profile was completely reproducible even after 100 runs on the same 

column using several different preparations of papain-treated 
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Figure 3.1 

(A) The [35s]SOS elution profile was generated by passing labeled SOS, diluted into 

carrier SOS, over the octyl-C4 column. The labeled detergent was injected alone or 

boiled (dotted line) with freshly prepared stripped erythrocyte ghosts. The flow rate 

was 1 ml / min and 1-ml fractions were collected. The gradient is indicated by the 

dashed line. (B) The ultraviolet absorbance spectrum for the SOS+ protein sample was 

measured at 220 nm. This curve has been plotted to follow the same time scale as the 

curves in (A). 
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Figure 3.2 

This figure shows an HPLC profile for papain-proteoyzed ghosts with an early 

numbering scheme. Peaks II and III resulted in extremely pure, sequencable peptides. 

Peak I gave an identifiable sequence. This figure is included separately because 

fractions corresponding to peaks I, II and III were sequenced with rechromatographing 

first. Peaks I, IV, and V were rechromatographed without dialysis against SDS. 

Eventually it became impossible to rechromatograph without dialysis due to high back 

pressures which developed in the column. Then fractions corresponding to peaks were 

dialyzed and lyophilized before rechromatographing. 
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Figure 3.3 

Figure 3.3 shows the identification scheme used for peaks which were to be 

rechromatographed as described in the text. The dashed line illustrates the gradient 

profile which had been optimized to separate peaks. The gradient is very shallow after 

89% buffer B. 
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ghosts. Figure 3.4 shows HPLC profiles obtained from rechromatographing peaks I 

and II in Figure 3.2. These two peaks are sharper than peaks occurring at later 

retention times in the HPLC profile. They both proved to be pure peptides (see 

sequence II in Table 2 and sequence III in Table 4 of Appendix 1). Only two major 

peaks resulted from rechromatographing peak I in Figure 3.2. As shown in Figure 3.4 

B, pure peptide eluting at 58 minutes resulted from rechromatographing peak II. This 

peptide was frequently present in other HPLC profiles of rechromatographed samples. 

It is possible that because it is a hydrophobic peptide, it elutes efficiently from the 

column, in contrast to other peptides which adhere to the column and are eluted at only 

low yields. Conversely, it may be that the peptide from peak II is not fully eluted after 

one HPLC run and continues to be eluted from the column during successive runs. 

The peptides obtained from peaks II and ill proved to be essentially homogeneous. 

Some peaks in Figures 3.2 and 3.3 contained multiple peptides. These peaks were 

generally broad or appeared as a group of poorly resolved single sharp peaks (as in the 

F region of Figure 3.3). Figure 3.5 shows a typical profile obtained after collecting 

and rechromatographing a peak eluting at a late retention time. Peake from Figure 3.3 

was rechromatographed. (Intervening steps between chromatography included 

concentration by lyopholyzing and dialysis.) It is clear from this figure that many of 

the protein peaks obtained during the initial HPLC runs were aggregates of peptides. 

They contained multiple peptides which co-eluted. Figure 3.5 shows the general 

numbering scheme for rechromatographed peptides. Table 1 a shows which of the 

peptides in Figure 3.2 were sequenced. Table lb demonstrates that sequencing was 

attempted on most of the peptides purified by two dialyses and two HPLC steps. It is 

clear from Table 1 b that peaks obtained at different retention times in the initial HPLC 

contained peptides which eluted at the same retention time after the second set of 

purification steps. The peptides eluting at a particular retention time in the second 
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Figure 3.4 

This figure demonstrates the purity of peptides (eluting as sharp peaks at high yield) 

and the reproducibility of detergent saturated reverse-phase HPLC. (A) shows the 

profile obtained when peak I was rechromatographed. (B) shows peak II 

rechromatographed. Retention times are written to the left of the peaks. 
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Figure 3.5 

This figure shows a typical HPLC profile obtained after collecting and 

rechromatographing a peak that occurred late in the initial HPLC profile. In this case, e 

was rechromatographed. It shows that many peptides co-eluted under peak e in the 

first HPLC run. However, this figure demonstrates that it is possible to 

rechromatograph and obtain high yields. The peaks are labeled by the numbers in 

parentheses which will be used to identify them. Retention times are indicated on the 

left side of each peak. The gradient from Time Program 2 is shown with the dashed 

line. 



-~ 
C 
:::J . -e 
n1 --E 
C 

LO 
~ 

C\I 

1ii 
0 
0 

0 

e Rechromatographed 
(1) 

Time Program 2~/--------\ 

(5) 
(4) 

Cl) 
~ "C\I 

C\I 

(3) // 
/ 

/ 
/ 

_,,./"'M 

/ 
/ 

/ 
// 

/ 

// 

/ 

/ 

// (2) 

• "' 
~0) (9) 

i· 

\ 
\ 
~ 

~II\ 
\ 
\ 
\ 
\ 

\ 
\ 

\ 
\ 
\ 
\ 

\ 
\ 
\ 
\ 

120 

100 

80 

m 
60 ~ 

0 

40 

20 

/ 0 
50 100 130 

Retention time (min) 

00 
VI 



86 

Tables la and 1 b 

The following tables list the major HPLC peaks shown in Figures 3.3 and 3.4. Beside 

the parent peak identifications (a,b,c,1,2, etc.) are a list of the major peaks obtained 

after rechromatograping. In some cases, the same rechromatographed peaks were 

obtained for two or more parent peaks. Therefore, peaks were combined for parent 

peaks 2 and 3 and then for a and e. This gives final peak names like ae2, ae9 and 

2,3(5). Their exact sequences are shown in Tables 1-8 of Appendix 1. 

Table la 

major peaks 

peak retention times 76 81 90 94 110 

(min) -78 -84 -91 -95 

I sequenced direct! y I 

II sequenced directly 

III sequenced directly 

IV IVa* IVb* 

V Vb* Va* 

Table lb 

major peaks 

peak retention 67 71 76p 81 90 94 97 115 

time (min) 18 22 33 -69 -74 -78 -84 -91 -95 -100 -118 

a a4 alO* a2 a9* al* 

b blO 

C c4 c3 clO c2 cl 

d dl* d2* d3* 

e e5 e4 e3 elO* e2 e9* el* 

already cleanly sequenced 

2(5)* 2(1)* 2(2)* 2(4)* 2(3) 

3(5)* 3(1)* 3(2)* 3(4)* 3(3) 

Fl Fl* 

F2 F2(4) F2(1) 
F4 F4(1)* F4(2) F4(3) F4(4)* 
* represents peaks that were sequenced. 
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HPLC step were sequenced. It was found that they contained the same peptides even 

if they eluted at different retention times (under different peaks) in the initial HPLC 

profile. al and el were combined to yield ael. ael eluted at the same retention time 

as d2 in the second HPLC step (see Table lb). Both peptides proved to be 

concentrated and pure enough to give an unequivocal sequence. They began at MEB3 

residue 511 and contained about 77 amino acids as determined by amino acid analysis. 

Thus, by performing the second set of purification steps, it was usually possible to 

obtain pure and concentrated peptides for sequencing purposes. However, sometimes 

even after dialysis and another HPLC step, some of the peaks contained more than one 

peptide. In these cases, although sequencing was attempted, unequivocal sequences 

were not obtained. 

Sequences obmi,ned: 

Figure 3.6 compares the purest human band 3 proteolytic product obtained by 

HPLC with the mouse sequence for that fragment. This peptide had not previously 

been sequenced for human band 3. This sequence demonstrates that it is possible to 

obtain pure, sequenceable peptides using the methods presented. For example, using a 

window of 30 amino acids and a filter of lamino acid, 7133 protein sequences in the· 

Protein Information Resource data bank were searched using the method of Lipman and 

Pearson14. The comparison with murine band 3 gave a match of 97 (because the 

method does not yield a percentage; it yields a weighting factor out of 100 which is 

biased by conserved versus non-conserved substitutions). The next highest value 

achieved was 81-- for a probable sec Y protein. A window of 30 amino acids instead of 

42 (the length of the sequence) was chosen because any insertions or deletions can 

cause the computer to miss sequence homologies. It is still obvious that band 3 (and 
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Figure 3.6 

Peak III was generated this previously undetermined human band 3 sequence. Forty­

two amino acids were sequenced indicating the high purity and concentration of the 

sample. 
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Mouse Sequence 

Sequence ill 

Residue Number (mouse) 

Mouse Sequence 

Sequence ill 

Residue Number (mouse) 

Mouse Sequence 

Sequence ill 

Residue Number (mouse) 

Mouse Sequence 

Sequence ill 

89 

509 510 511 512 513 514 515 516 517 518 519 

R A W I G F W L I L L 

S V W I G F W L I L L 

520 521 522 523 524 525 526 527 528 529 530 

V M L V V A F E G S F 

V V L V V A F E G S F 

531 532 533 534 535 536 537 538 539 540 541 

L V Q Y I S N Y T Q E 

L V R F I S N Y T Q E 

542 543 544 545 546 547 548 549 550 

I F S F L I S L I 

I F S F L I V L I 
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not glycophorin A or some other erythrocyte membrane-spanning protein) is the 

protein from which this sequence was derived. 

The purity of this sequence further shows that papain will generate proteolytic 

fragments with discrete cleavage points. There is a precedent for this. Papain­

generated peptides with discrete extracellular cleavage sites beginning at residues 

corresponding to 58617 and 65018 in the MEB3 sequence have been isolated. But it 

was possible that papain, with its broad specificity, would yield families of peptides 

which had been proteolyzed within a few amino acids of each other. These sometimes 

proved difficult to separate and sequence. In fact, at least two of the peptides in the F 

region in Figure 3.3 had closely spaced N-termini, delineating VC-13 and 

demonstrating that this broad peak may consist of aggregates of related peptides. In 

addition, of all the predicted transmembrane peptides, the helix VC-1, corresponding to 

the first part of sequence III, has the highest average hydrophobicity (as defined by 

Kyte and Doolittle19). VC-5 and VC-6, and VC-11 have the highest hydrophobic 

moments (as defined by Eisenberg20). VC-4 is modeled to be separated from VC-5 

with a loop of 1 amino acid. A loop of this small size is probably not accessible to 

papain cleavage. A starting point corresponding to the edge of VC-11 was found for 

two sequences. Thus, this method is able to separate the most hydrophobic peptides in 

band 3, as defined by average hydrophobicity and by hydrophobic moment. 

Appendix 1 shows much of the sequence data obtained for papain cleavage 

fragments; it tabulates the raw data for the sequences and the amino acid analyses. The 

starting points of each sequence are shown in Figure 3.7. Except for helices 1 and 2, 

the starting points of the papain-generated proteolytic fragments lie within 5 amino 

acids of the transmembrane helix starting points modeled by Vogelaar and Chan 

(designated as VC# in Figure 3.7). Because many labeling and proteoylsis experiments 
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Figure 3.7 

Figure 3.7 shows the results of sequencing different HPLC separated peptides (blue) 

and their amino acid anlaysis (red). The N-termini of sequencable peptides are 

designated according to the identification of their parent peak (shown in Figure 3.2 or 

3.3) followed by their identification in the rechromatographed HPLC profile (shown in 

Figure 3.5) The lengths of several pure peptides were obtained from amino acid 

analysis. These are labeled accordingly. 
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have been performed on red blood cells (where the label may react preferentially from 

the external solution while a protease cannot diffuse across the membrane) there is a 

great deal of information on the sidedness of these sites4,2I-26. Therefore, to obtain as 

many proteolytic cleavage points as possible, it was reasonable to perform proteolysis 

experiments on ghosts, where the protease has equal access to band 3 from both sides 

of the membrane. Proteolysis boundaries which constrain models of band 3's folding 

in the membrane are summarized in Chapter 1 (Figure 1.2). Vogelaar and Chan 

positioned their first transmembrane helix at residue 422 on the basis of its hydrophobic 

moment2. However, because papain cleaves at MEB3 residue 415 and pepsin (a 

protease with relatively broad specificity for hydrophobic and aromatic residues8) 

cleaves at MEB3 residue 41322, it seems likely that this is near the N-terminus of the 

first transmembrane helix. Because of uncertainty in some of the less pure sequences 

(those with contamination such that the proteolytic fragment yielded less than 60% 

homology to the mouse band 3 sequence), starting boundaries marked by only one 

sequence designation are not considered definite. They are only suggested as possible 

proteolytic fragment starting points. We did not obtain any sequences in the region of 

VC-9 or VC-10. While VC-9 is a hydrophobic peptide, VC-10 is a relatively 

hydrophilic peptide2, and it is possible that it eluted in the beginning of the HPLC run 

where the the baseline was low and peptides were not collected. Alternatively, VC-9's 

hydrophobicity may have caused it to adhere to the column so that it was eluted very 

slowly. 

Amino acid analyses were performed on some of the sequences to obtain an estimate 

for the length of several papain proteolytic prcx:iucts. An additional benefit was that two 

of these analyses demonstrated that peptides eluting a~ a particular retention time after 

the second HPLC purification were the same length (in addition to beginning at the 
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same amino acid). These two fragments, d2 and ael, were obtained from peaks 

which eluted at different times in the initial HPLC and eluted at the same retention time 

during rechromatography (after lyophilyzing and dialyzing). Four of the peptides 

which gave pure sequences were subjected to amino acid analysis. Amino acid 

analyses were not performed on sequences which were not pure because any 

contamination from other peptides prevents accurate estimates of the number of each 

type of residue and, therefore, the length of the peptide. Figure 3. 7 shows the position 

and length of the peptides subjected to amino acid analysis. The actual amino acid 

analysis data are arranged in Tables 9-12 of Appendix 1. 
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CONCLUSION 

By using the method of detergent saturation of a reverse-phase column developed by 

Tomich et a/.9, and with the modifications described in this chapter, it proved possible 

to identify the starting points membrane-bound sequences of integral membrane 

proteins. We obtained two new sequences which were pure enough to define the 

sequence for that fragment of human band 3, including one of the two helices having 

the highest average hydrophobicity (as found in a plot of hydrophobicity versus 

hydrophobic moment2). The human band 3 DNA is presently being cloned2 2, and 

purification of protein to obtain the exact human sequences was not of primary 

importance to this study. We have found the N-termini for 6 putative transmembrane 

sequences. If the assumption that papain will cleave band 3 at points very near the 

edged of the membrane surface is correct, we have provided the starting points for two 

transmembrane helices as an initial aid for band 3 modelling. Later acquisitions of 

other helix starting points have shown that the Vogelaar and Chan model was basically 

correct in predicting the transmembrane helices. Therefore, modelling transmembrane 

helices on the basis of hydrophobic moment analysis of Eisenberg20 agrees very well 

with these experimental observations. 

Very sharp, well-resolved peaks were sequenced with no further treatments to yield 

pure peptides. One sharp peak resulted in a pure fragment with a sequence which was 

not previously known for human band 3. Another led to a proteolytic fragment 

previously isolated by Jennings et al. after treatment with papain. Broader peaks 

generally occurred at later retention times. These peaks were dialyzed twice and 

rechromatographed to obtain sequencable peptides since each gave rise to a number of 

peaks in the second chromatography step. Amino acid analyses were performed on 
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four of these peptides. Peptides from two different initial HPLC peaks which eluted at 

the same retention time after rechromatographing proved to have the same initial 

sequence and the same number of amino acids. This indicates that, in some cases, 

protein-detergent micelles containing a variety of peptides coeluted during the initial 

HPLC run, while pure peptide eluted in others. Presumably, under optimal HPLC 

conditions in a system with fewer peptides, all could be resolved. Using the methods 

developed in this chapter, it is possible eventually to separate peptides even if they are 

not completely resolved in the first HPLC step, since after dialysis and 

rechromatography, most peaks contained pure peptide. 

All proteins were initially solubilized in SOS to prevent protein aggregation. 

Experiments using [35S]SDS demonstrated that the SOS was eluted from the column at 

55% B whether or not protein was present, signifying that it could be removed from the 

protein during this procedure. Detergent saturated reverse-phase HPLC is effective in 

separating hydrophobic peptides of the approximately the same size. It appears to coat 

the column's stationary phase, allowing these peptides to elute. The best separation of 

these peptides was obtained with a very shallow gradient. 

We have been able to isolate two sequences (Va and aelO), which might 

correspond to the edge of the first (or N-tenninal membrane-spanning) helix, VC-1. 

We have obtained 4 sequences (II, III, ael, and d2) which defined the edge of VC-4, 

and two sequences (I and ae9) which defined the edge of VC-6. We have also found 

two sequences ( dl and Vb) which correspond to the edge of VC-11. Sequences F 1 

and F4(1) delineate the N-tenninus of VC-13. Amino acid analysis of d2 and ael 

suggest that these peptides are over 70 amino acids amino acids in length and contain 

modeled segments VC-4 and VC-5. Amino acid analysis of ae9 suggests that this 

peptide is over 80 amino acids long, and contains segments corresponding to VC-6 and 

VC-7. Amino acid analysis of dl suggests that this peptide is over 60 amino acids 
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long and that it contains VC-11 and VC-12. The edge of helix 1 has been reassigned 

on the basis of this data. Also the sixth and thirteenth helices may lie closer to the 

edges of predicted helices from other models (see Figure 3.7) than the Vogelaar-Chan 

model. However, the deviation between the model and our experimental results for the 

start of helices 6 and 13 is still less than 5 amino acids from the beginning of the 

papain-generated helices. 

These experiments have demonstrated that most of the transmembrane helices are 

obtained and then isolated to sufficient purity and concentration for sequencing and/or 

amino acid analysis. In addition, these results showed that papain proteolyzes near the 

edges of many of the modeled band 3 transmembrane helices which are joined by large 

'loops'. This method can be used to obtain topographical information if 

crystallographic evidence is not available to describe the folding of a protein in the 

membrane. (Of all intrinsic membrane proteins, only the reaction centers of 

Rhodopseudomonas viridis and Rhodobacter sphaeroides have high-resolution x-ray 

crystallographic structures; a low-resolution structure is available for 

bacteriorhodopsin; and crystals of the nicotinic acetylcholine receptor have been 

investigated by electron diffraction2.) It can also be used to obtain hydrophobic 

peptides in sufficient quality and purity to sequence. 
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Appendix 1 to Chapter III 

Appendix 1 gives tables containing the raw data for the peptide sequences and amino 

acid analyses of different papain-generated in situ proteolytic products. 
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Tables 1-8 

Tables 1 through 8 show the amino acid sequences obtained for various HPLC fractions. 

Under the sequence name(s) are listed the residue numbers from the N-terminus, then the first 

choice(s) for that amino acid, the second choice(s), the actual murine (house mouse) residues 

to which these correspond, and, if known, the human sequence. 
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Table 1 

sequences I, ae9 

residue number 1 2 3 4 5 6 7 8 

first choice(!) G E F p N T A L 

second choice (I) SHM VF L GI IW AW ML VM 

first choice (ae9) ? ? L p G F A G 

second choice (ae9) F ND RW 

residue number (mouse) 583 584 585 586 587 588 589 590 

actual mouse sequence G p V p N T A L 

known human sequence G p L p N T A L 
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Table 1 (continued) 

residue number 9 10 11 12 13 14 15 16 

first choice (I) LA L V G GI A 

second choice (I) AFV SI IG 

first choice (ae9) F ? L V L M A F 

second choice (ae9) L w TW TA VL W(IK)T 

residue number (mouse) 591 592 593 594 595 596 597 598 

actual mouse sequence L s L V M A G T 

known human sequence F s L V M A G T 
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Table 2 

sequence II 

residue number 1 2 3 4 5 6 7 8 

first choice ? F I G F L L I 

second choice VSA p p MA MV FV 

residue number (mouse) 510 511 512 513 514 515 516 517 

actual mouse sequence w F I G F w L I 

no previously known human sequence 

residue number 9 10 11 12 13 14 15 16 

first choice L L V V p A V A 

second choice AI w G LG VG A 

residue number 518 519 520 521 522 523 524 525 

actual mouse sequence L L V M L V V A 

no previously known human sequence 
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Table 2 (continued) 

residue number 

first choice 

second choice 

17 

F 

18 

E 

residue number (mouse) 526 527 

actual mouse sequence F E 
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Table 3 

sequence Vb 

residue number 1 2 3 4 5 6 7 8 

first choice RS V L T p T p ? 

second choice PA PI I NL DA FI 

residue number (mouse) 879 880 881 882 883 884 885 886 

actual mouse sequence F V L I L T V p 

known human sequence F V L I L T V p 

residue number 9 10 11 

first choice L T V 

second choice DFP NL 

residue number (mouse) 887 888 889 

actual mouse sequence L R R 

known human sequence L R R 
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Table 4 

sequences III, ael, d2 

residue number 1 2 3 4 5 6 7 8 

first choice (Iln s V w I G F w L 

second choice (Ill) TGR FPQ FLK PIM NA TIA MEA VT 

first choice (ael) ? V F (IK)* F F L L 

second choice ( ae 1) L p N 

first choice (d2) ? V ? I G F w L 

second choice (d2) FLKN F V LIM M 

residue number (mouse) 509 510 511 512 513 514 515 516 

actual mouse sequence R A w I G F w L 

no previously known human sequence 
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Table 4 (continued) 

residue number 9 10 11 12 13 14 15 16 

first choice (Iln I L L V V L V V 

second choice (III) G SA QV AI M A GK 

first choice (ael) V A L V V M V V 

second choice (ael) L V AD w 

first choice (d2) I L L V V L V V 

second choice (d2) GV VQ w G AF 

residue number (mouse) 517 518 519 520 521 522 523 524 

actual mouse sequence I L L V M L V V 

no previously known human sequence 
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Table 4 (continued) 

residue number 17 18 19 20 21 22 23 24 

first choice (IIn A F E G s F L V 

second choice (Im TF M M 

first choice (ael) w F W? w R F L 

second choice ( ae 1) I L AGV 

first choice (d2) A I E G 

second choice (d2) I L 

residue number (mouse) 525 526 527 528 529 530 531 532 

actual mouse sequence A F E G s F L V 

no previously known human sequence 
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Table 4 (continued) 

residue number 25 26 27 28 29 30 31 32 

first choice (Ill) R F I s N y T Q 

second choice (III) KY K R 

residue number (mouse) 533 534 535 536 537 538 539 540 

actual mouse sequence Q y I s N y T Q 

no previously known human sequence 

residue number 33 34 35 36 37 38 39 40 

first choice (Ill) E I F s F L I V 

second choice (III) G 

residue number (mouse) 541 542 543 544 545 546 547 548 

actual mouse sequence E I F s F L I s 

no previously known human sequence 
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Table 4 (continued) 

residue number 

first choice (IIn 

second choice (III) 

41 

L 

42 

I 

residue number (mouse) 549 550 

actual mouse sequence L I 

no previously known human sequence 
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Table 5 

sequence IVa 

residue number 1 2 3 4 5 6 7 8 

first choice s Llf G G L V I E 

second choice VQ QN w LA V 

residue number (mouse) 441 442 443 444 445 446 447 448 

actual mouse sequence T F G G L L G E 

known human sequence T F G F L L G E 

residue number 9 10 11 12 13 14 15 16 

first choice y Q ? F N L K L 

second choice R E L K Q 

residue number (mouse)449 450 451 452 453 454 455 456 

actual mouse sequence K T R N L M G V 

known human sequence K V 
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Table 5 (continued) 

residue number 17 18 19 

first choice s y L 

second choice L 

residue number (mouse) 457 458 459 

actual mouse sequence T A V 

known human sequence T A V 
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Table 6 

sequence dl 

residue number 1 2 3 4 5 6 7 8 

first choice GAY V WL p M V L L 

second choice PMV Q NR TD WNQ R MD 

residue number (mouse) 776 777 778 779 780 781 782 783 

actual mouse sequence E Q R I s G L L 

no previously known human sequence 

residue number 9 10 11 12 13 14 15 16 

first choice V A V L V G A s 

second choice WG (I,K)* D GA V y (l,K)*D GM 

residue number (mouse) 784 785 786 787 788 789 790 791 

actual mouse sequence V s V L V G L s 

no previously known human sequence 

*1 and K cannot be resolved. 
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Table 6 (continued) 

residue number 17 18 19 

first choice p D H 

second choice HYW WST 

residue number (mouse) 792 793 794 

actual mouse sequence I L M 

known human sequence M 

* I and K cannot be resolved. 
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Table 7 

sequence 2,3(5) 

residue number 1 2 3 4 5 6 7 8 

first choice ? w p G w F (KL)* H 

second choice SQ FW N(KL) NV GA 

residue number (mouse) 845 846 847 848 849 850 851 852 

actual mouse sequence R V K T w R M H 

human sequence H 

residue number 9 10 11 12 13 14 15 16 

first choice (KL) w T G I V (KL) T 

second choice TD s GN N G w 

residue number (mouse) 853 854 855 856 857 858 859 860 

actual mouse sequence L F T G I Q I I 

human sequence L ·p T G I Q I I 

* L and K cannot be resolved. 
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Table 7 (continued) 

residue number 17 18 19 20 

first choice s (KL) A D 

second choice AQ GE N(KL) 

residue number (mouse) 861 862 863 865 

actual mouse sequence c# L A V 

human sequence C L A 

* L and K cannot be resolved. 

# C is not detectable on this amino acid sequencer. 
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Table 8 

sequences Fl, and F4(1) 

residue number (Fl) 1 2 3 4 5 6 7 8 

first choice (Fl) ? TE ? PE NF y I (KL)* 

second choice (Fl) F HYV A V 

residue number (F4( 1)) 1 2 3 4 5 

first choice (F4(1)) ? QP (KL) I N 

second choice (F(41)) VF FI p F 

residue number (mouse) 854 855 856 857 858 859 860 861 

actual mouse sequence F T G I Q I I C# 

human sequence F T G I Q I I C 

residue number (Fl) 9 10 11 12 13 14 15 16 

first choice (Fl) (KL) ? I F w y N ? 

second choice (Fl) y R DHA QW 

residue number (F4(1)) 6 7 8 9 10 11 12 13 

first choice (F4(1)) A MI V VA ID V V (KL) 

second choice (F4(1)) V A (KL) p FW (KL) I 

residue number (mouse) 862 863 864 865 866 867 868 869 

actual mouse sequence L A V L w V V K 

human sequence L A V L w V V K 

* L and K cannot be resolved. 

# C is not detectable on this amino acid sequencer. 
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Table 8 

sequences Fl, and F4(1) (continued) 

residue number (Fl) 17 18 19 20 

first choice (Fl) F I PN YH 

second choice (Fl) I (KL)* QW WA 

residue number (F4(1)) 14 15 16 17 18 19 20 21 

first choice (F4(1)) p A G WA SF F FV (KL) 

second choice (F(41)) IF (KL) AP PI WI YH AP HY 

residue number (mouse) 870 871 872 873 874 875 876 877 

actual mouse sequence s T p A s L A L 

human sequence s T p A s L A L 

residue number (F4(1)) 22 23 24 

first choice (F4(1)) p GP MV 

second choice (F4(1)) IV MV IG 

residue number (mouse) 878 879 880 

actual mouse sequence p F V 

* L and K cannot be resolved 
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Tables 9-12 

The following tables give the amino acid analyses for several of the more pure proteolytic 

fragments. The purpose of these analyses is to determine the length of each of the fragments. 

In this manner, the carboxy-terminus of the fragment is approximated. Thus, both papain 

cleavage points are obtained from one sequence. ae9 and d2 have the same N-terminus as 

determined by sequencing. They were both amino acid analyzed to find if they had the same 

length. They eluted at the same retention time during rechromatography step, but originated 

from different peaks in the initial HPLC step. 



Table 9 

amino acids D&N1 E&Q2 s G H R T A p y V M C I L F K tot 

amino acid analysis for sequence 

d2 2 3 16 8.9 0.8 2 4 5.9 4.3 1.2 5.2 0.9 0.1 5.9 9.4 5 1.2 

amino acid analysis for the corresponding 

sequence in mice l 9 5 3 0 2 3 3 5 5 7 2 0 9 9 8 4 77 

-N 

amino acid analysis for the corresponding sequence 

in chickens 2 8 7 2 l 3 5 3 3 4 9 0 l 7 12 5 2 76 

amino acid analysis for the known p_Ql]ions of the corret,ponding sequence in 

humans 0 4 4 3 0 3 l l 2 1 6 2 0 6 8 6 1 51 

1,2 N and Q are not present due 10 deamidation. 
No1es: 

Wis acid hydrolyred and has a value ofO in the amino acid analysis. There are two W's in 
both mouse and chicken fragments in a lenglh of 77 amino acids. 
The values for Sand Gare anomalously high. Reasons are discussed in lh~ Maletia)s aw) 
Methods section of this chapter. 



Table 10 

amino acids D&N1 E&Q2 S G H R T A p y V M C I L F K tot 

amino acid analysis for sequence 

ae I 3.1 8.2 13.5 10 0.7 3.3 4.8 6.1 4 1.3 6.2 1.7 0 7. l 10. 7 9. 2.7 
amino acid analysis for the corresponding 

sequence in mice 1 9 5 3 0 2 3 3 5 5 1 2 0 9 9 8 4 77 
.... 
N 

amino acid analysis for the corresponding sequence N 

in chickens 2 8 1 2 l 3 5 3 3 4 9 0 1 1 12 5 2 76 

amino acid analysis for the known portions of the corretJ,X>nding sequence in 

humans 0 4 4 3 0 3 l l 3 l 6 2 0 6 8 6 1 41 
1,2 N and Q are not present due to deamidation. 
Notes: 

W is acid hydrolyzed and has a value ofO in the amino acid analysis. There are two W's in 
both mouse and chicken fragments in a length of 77 amino acids. 
The values for S and G are anomalously high. Reasons are discussed in the Materials and 
Methods section of this chapter. 



Table 11 

amino acids D&N1 E&Q2 s G ff R T A p y V M w I L F K tot 

amino acid analysis for sequence 

ae9 5 6 12.4 12 1.1 3 5 6.7 4 1.4 4.9 1.9 4.5 8.6 24 2.9 

amino acid analysis for the corresponding 

sequence in mice 6 1 8 8 1 4 6 4 5 2 8 3 1 6 11 6 6 86 

-N 

amino acid analysis for the corresponding sequence w 

in chickens 4 6 4 7 1 5 6 6 4 1 6 1 1 6 12 10 4 84 

amino acid analysis for the known portions of the corre~✓pc,nding sequence in 

humans 5 2 4 5 0 3 4 3 4 2 5 4 0 5 9 8 3 66 

1,2 N and Q are not present due to deamidation. 
Notes: 

W is acid hydrolyzed and has a value of O in the amino acid analysis. 
There is no designation for C unless it is present in the sequence or the amino acid analysis. 
There is an absorbing species which coelutes with F causing extremely high values. 
The values for S and G are anomalously high. Reasons are discussed in the Materials and 
Methods section of this chapter. 



Table 12 

amino acids D&N 1 
E&02 s G H R T A p y V M 

amino acid analysis for sequence 

dl 4.9 5.9 11.3 10 0.8 3.5 4 7.2 4 1.6 6.6 1.7 

amino acid analysis for the corresponding 

sequence in mice 1 4 6 5 1 3 1 l 4 2 5 2 

amino acid analysis for the corresponding sequence 

in chickens 1 4 2 5 1 2 1 2 4 3 4 3 

amino acid analysis for 1he known portions of the corret,ponding sequence in 

humans 0 1 1 1 0 

1,2 N and Q are nol presen1 due to deamidation. 
Noles: 

1 0 1 

W is acid hydrolyzed and has a value of O in 1he amino acid analysis. 

2 1 1 2 

There is no designation for C unless it is present in the sequence or the amino acid analysis. 
There is an absorbing species which coelutes with F causing extremely high values. 
The values for S and G arc anomalously high. Reasons are discussed in the Materials !lnd 
Method~ section of this chapter. 

w I L F K tot 

6.2 11.5 18 2.4 

0 7 14 4 2 62 -N 
.i,. 

1 7 16 4 2 62 

0 3 4 2 0 20 
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Chapter IV 

Location of 'Bana 3 's 5'lctive-Site 

.9lrginine 

Much of what is known about structure/function relationships in band 3 is derived 

from chemical modification studies. The general approach followed by this laboratory 

and others, is to modify band 3 and examine the functional consequences of that 

modification'. The ease of modification as well as the ability to label selectively on 

either side of the membrane ( as cells, vesicles or ghosts) make this a desirable system 

to study. Following covalent modifications, the approximate location of a 

phenylglyoxal-modified arginine in the band 3 protein has been determined to be in the 

35,000 dalton fragment resulting from extensive treatment with extracellular 

chymotrypsin1,2 . 

The extracellular pH dependence of monovalent anion exchange indicates that an 

arginine residue is of central importance in the catalysis of anion transport3•4• 35Cl 

NMR studies have shown that phenylglyoxal (PG) and 1,2-cyclohexanedione (CHD), 
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two arginine-specific reagents, will inhibit chloride binding to the active site of band 3, 

implicating arginine as the important residue in anion transport5 • Transport 

experiments (as distinct from the aforementioned studies of binding to band 3's active 

site) using chemical modification by PG and CHD also give support to arginine as an 

amino acid essential for transport1,6 . Wieth et al. showed that inhibition of band 3 

anion transport with PG is a second order process. By varying the pH and anionic 

composition of the reaction medium, the kinetics of transport inactivation were 

consistent with the assumption that phenylglyoxal reacts with functionally essential 

arginine residues7,8 . The experiments of Funder et al.9 , and Brahm10 on the effect of 

pH and temperature on chloride exchange flux showed that monovalent anion transport 

is independent of pH in the range of pH 7 .2 to at least 11.0 at 0°C and that the pKa of 

the transporting group decreases at least by 2 pH units with a temperature increase to 

38°C, suggesting a group with a very high ionization enthalpy (thought to be the 

guanidino group of an arginine residue). 

The role of arginine (a positively charged and mobile side chain) in band 3 has been 

been modeled by Vogelaar and Chan to form a complex with the transported anion so 

that the uncharged complex is able to cross a wide hydrophobic layer in the middle of 

the anion transport channel 11 . 35Cl NMR experiments have shown that an arginine 

must provide the essential positive charge in the inward- or outward-facing 

conformation of the transport site or in both. 12 The specificity of phenylgloxal 

modification appears to be sensitive to the 'inward-facing' or 'outward-facing' sides of 

the protein 13. This fact and differences in asymmetry of modification by a number of 

other band 3 transport inhibitors13 from the two sides of the membrane have led other 

workers to propose more complicated mechanisms for anion transport than one in 

which a single arginine side-chain is responsible for monovalent anion transport. In the 

Vogelaar and Chan model, however, a single essential arginine is responsible for the 
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transport of monovalent anions 11. This is consistent with experimental evidence if the 

accessibility of the arginine differs from either side of the membrane. The situation 

changes with divalents (see Chapter II of this thesis). However, it is likely that there 

are lysines and arginines within the transport channel (especially near the ends) to 

facilitate diffusion of the negatively charged species down into the middle of the 

channell4 • 

In studies of other proteins (such as creatine kinase, hexokinase, and alcohol 

dehydrogenase ), PG and CHD were able to modify selectively the active site arginine 

of a number of proteins under certain conditionsl6,l ?,18, especially arginine residues 

that are involved in the anion recognizing sites of enzymes19. It is believed that these 

reagents react with the uncharged (deprotonated) arginine side chain, selecting for 

arginine residues in relatively hydrophobic environments where its pKa is 

decreased7,1 9. PG and CHD react with proteins in a pH-dependent fashion, with 

increased reactivity at higher pH's. PG typically reacts with arginyl residues with a 2: 1 

stoichiometry 16, probably as shown in Figure 4.1. The binding is a pseudo-first order 

reaction, with the rate limited by the first reaction step8. 

When labeling with [14C]phenylglyoxal (14C-PG) is carried out under conditions in 

which only about one amino acid residue is modified per copy of the protein, the label 

is on the COOR-terminal third of the protein in the membrane-spanning region of the 

protein I. PG labeling from the intracellular compartment leads to more labeling with 

less specificity. The most effective method of preventing intracellular 

phenylglyoxylation is to establish a pH gradient across the membranes. This selective 

modification of the extracellularly exposed arginines was achieved when ghosts with a 

neutral or acidic intracellular pH were reacted with PG in an alkaline medium 1. 

Although PG permeates the membrane rapidly (t112 = 40 msec20 ), it is less likely to 

covalently react with arginines under acid conditions. Thus, it would react 
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Figure 4.1 

This figure shows possible reactions of phenylglyoxal with arginine. The 

phenylglyoxal : arginine stoichiometry in the covalent reaction is 2 : 1. However, the 

structure of the resulting adduct is not known. The first step (formation of a 1: 1 

complex) and rate-limiting and reversible. 
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preferentially with the arginines exposed to alkaline external solution. When 

phenylglyoxalation was performed in the absence of chloride, maximal inhibition of 

anion transport in ghosts was obtained by the binding of about 2 million PG molecules 

per ghost. Since most of the reaction occurred in band 38, this corresponds to one 

modified arginine per reacted band 31 _ 

Because the conditions of transport-site labeling used by Bjerrum et az.l proved 

difficult to reproduce on a large scale, and because the PG derivatives p­

hydroxyphenylglyoxal and p-nitrophenylglyoxal proved labile under HPLC conditions 

(See Appendix to this chapter), we used the PG labeling method of Zaki 2 1. Under the 

conditions employed by Zaki, only two proteins are labeled, band 3 and spectrin, the 

major cytoskeletal component21. Membranes then were subjected to low ionic strength 

and high pH stripping and washing to eliminate the cytoskeletal components (including 

spectrin) leaving only transmembrane proteins. Under the conditions, two to three 

arginines are labeled per band 3 monomer21. We employed this less specific labeling 

method in order to obtain large quantities of labeled band 3 to perform chromatography. 

With the information obtained about the structure of band 3 in the membrane, and with 

topographical constraints imposed by proteolytic and labeling experiments from this 

laboratory and others, it would be possible to distinguish the active-site residue from 

other arginines. 

The location of the reactive arginine has been hypothesized by this laboratory based 

on hydrophobic moment analysis and energy minimizaion of protein-protein 

interactions in band 3. Vogelaar and Chan postulate that the active-arginine lies at R748 

(in the MEB3 sequence) or possibly at R888 11• The position of these residues is 

shown in Figure 4.2. Jay and Cantley have predicted that the functionally essential 

arginines might be located at MEB3 residues R675, R748 or R80014. These residues 

are highlighted in Figure 4.2. Using the Zaki method for labeling, we demonstrate that 

it is possible to expose the labeled membranes to relatively harsh (in the sense of low 
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pH, which is not conducive to retaining labels) conditions in proteloysis and HPLC and 

still retain the phenylglyoxal label. Furthermore, the utility of different HPLC 

stationary phases (using the peptide separation method of Tomich et al22 ) was 

investigated. The appendix to this chapter lists conventional techniques which 

failed to separate the papain-generated transmembrane helices of band 3. In this 

chapter, the location of the essential arginine is experimentally restricted from the 14 

modeled transmembrane helices to about 6 helices. The number can be further 

restricted because some helices do not contain an arginine, or even a lysine (a residue 

which can be modified to a small extent by cx.-dicarbonyls17). Another restriction is due 

to the the principle that an important acive-site residue will be conserved. Based on the 

Vogelaar and Chan model for band 3 folding in the membrane and on proteolytic data 

from Chapter ill, the exact location of the essential arginine is predicted. 
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Figure 4.2 

The membrane-spanning C-terminal 520 amino acids of band 3 are shown in this 

figure. The arginines suggested as possible active-site arginines in Reference 14 are 

labeled as blue vertical lines. The arginine residues which are likely active-site 

candidates as suggested by Vogelaar and Chan in Reference 11 are boxed in red. 
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MATERIALS AND METHODS 

M,gterja(,s 

Reagents and their sources are: [7-14C]phenylglyoxal (14C-PG), (Amersham); N-2-

hydroxyethyl piperazine N'-2-ethane sulfonic acid (HEPES), (Research Oraganics); 

Bovine serum albumin (BSA), gluconic acid (sodium salt), phenylmethylsulfonyl 

fluoride (PMSF), sodium dodecyl sulfate (SDS), n-octyl-~-D-glucopyranoside 

(octylglucoside) (Sigma); n-octyl-~-D-glucopyranoside (octylglucoside) (Boeringer­

Mannheim); trifluoroacetic acid (TFA), HPLC grade 1-propanol and acetonitrile, 

morpholine, phenylglyoxal monohydrate (PG) (Aldrich); papain (Calbiochem); Safety­

Solve™ (Research Products International); 4,4'-dinirostilbene-2,2'-disulfonic acid 

(DNDS) (Pfatz and Bauer) was recrystallized as described previously22. Outdated 

packed human red cells were the kind gift of the Los Angeles American Red Cross. 

tle,tfwc!s 

Mem6rane Preparation: 

Leaky red cell membranes (ghosts) were prepared as described previously23. 

Covalent Modification of (ifiost Mem6ranes 611 14C1Ji.;. 

Ghosts were modified with 14C-PG in two steps. First, 10 ml of labeling buffer 

containing 250 µCi of 14C-PG were added to 16 ml of membranes. The labeling buffer 

contained 200 mM sucrose, 25 mM gluconate, 25 mM citrate, 5 mM HEPES, and 1 

mM sodium sulfate as described by Zaki20. The resulting suspension was incubated at 

37°C for 1 hour. Ten ml of 16 mM nonradioactive PG was added to each tube, and the 

resulting suspension was centrifuged at 15,000 rpm (27,000 x gmax) for 7 minutes. 

The supernatant was removed and the membranes were incubated with 16 mM 
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nonradioactive PG for 30 minutes. The radiolabeled ghosts were then washed twice 

with 0.5% bovine serum albumin in 5 mM NaH2PO4 buffer, pH 8 (henceforth called 

5P8). The purpose of this step was to adsorb any free label onto the BSA and therefore 

remove it from solution. 

Proteo{usis of (jfwst Mem6ranes: 

Packed ghost membranes were resuspended in 50 mM sodium acetate buffer, 4 mM 

in L-cysteine-HCl and containing 10 mg/ ml papain. The ratio of ghost membranes to 

papain solution was at least 1 :2 by volume. The resulting suspension was incubated 

with shaking at 37°C for one hour. Additional vortexing was done every 5 minutes to 

prevent excessive aggregation of the membranes. The papain was removed and 

inhibited by washing twice in 5P8 containing 10 mg/ ml PMSF. 

Strippinp of ?{oninteqraf Proteins: 

Membranes were stripped of non-integral membrane-associated proteins through 

exposure to high pH at low ionic strength followed by treatment with concentrated salt 

solutions. Membranes were washed once in distilled water, once in 10 mM NaOH, 

and again in distilled water. Finally, they were washed in 250 mM ammonium chloride 

in 5P8, and 100 mM ammonium chloride in 5P8, and in salt-free 5P8. 

Separation of Protein '[rqgments 6u 1-ftpli-Performance Liq_uid Cliromatograpliu: 

Membrane suspensions were solubilized by adding 1 volume of a 10% w/v solution 

of SDS to 9 volumes of the membrane pellet. Proteins and peptides were separated 

with either a 25-cm Vydac C4 214TP54 analytical reverse-phase HPLC column or on a 

Vydac C1s 218TP510 semi-preparative reverse-phase HPLC column. Buffer A for the 

C4 column consisted of 0.2% v/v TFA, 0.1 % v/v morpholine, and 0.1 % 

octylglucoside in distilled water. Buffer B for this column consisted of 0.2% v/v 1FA, 
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0.1 % v/v morpholine, and 0.1 % octylglucoside in 2:2:1 acetonitrile : 1-propanol : 

water. Buffer A for the C1s column consisted of 0.2% v/v TFA, 0.1 % v/v 

morpholine, and 0.1 % octylglucoside in 95% distilled water, 5% 1-propanol. Buffer B 

for this column consisted of 0.2% v/v TFA, 0.1 % v/v morpholine, and 0.1 % 

octylglucoside in 4.5:4.5:1 acetonitrile:1-propanol:water. Initially the buffer Bused on 

the C1s column had the same 2:2:1 composition, but it was found that better resolution 

was obtained with the 4.5:4.5: 1 mix. The column temperature was maintained at 55°C. 

For the Ci column, the concentration of buffer B was increased according to Time 

Program 2 in Chapter III of this thesis. For the C1s column, the gradient is described 

in Chapter III of this thesis by Time Program 1. Because the C4 column is an 

analytical HPLC column, the greatest amount of SDS-solubilized membrane 

suspension that could be injected into the port for a single HPLC run was two 100 µl 

injections (or 200 µl). Elution of the peptides is monitored at 215 nm using a 

Shimadzu SPD-6A V variable-wavelenghth ultaviolet-visible detector. 

Scintillatf,on Counting: 

Fractions were collected at the indicated time intervals for HPLC runs with 14C-PG 

labeled ghosts, stripped ghosts and proteolyzed, stripped ghosts. Anywhere from 100 

µl to 1 ml from each fraction was added to scintillation vials containing 10 ml of 

scintillation cocktail Each vial was counted for at least 2 min using a Beckman LS9000 

scintillation counter. 

S'DS-Po{uaccylamide (jel 'Elecropfioresis ana Silver Staining: 

A description of the methods used in the low-molecular weight gel system needed in 

identification of HPLC peaks is described in the Appendix of this chapter. 
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RESULTS 

He-pa Lqbe!€d Whole Ghost M&mbrq,oos. 

Using an octylglucoside-saturated C1g column, proteins in 1 ml of a suspension of 

14C-PG labeled whole ghosts were separated. The resulting profile is shown in Figure 

4.3(A). Fractions obtained at 3 minutes intervals were scintillation counted. A plot of 

the radioactivity from 1 ml of each fraction is represented in Figure 4.3(B). The large 

peak at about 40 minutes (45% B) represents mainly labeled free label as determined by 

SDS polyacrylamide gel electrophoresis (data not shown). The broad feeature at 40 

minutes in Figure 4.3(A) is characteristic of band 3 although it was not seen in the gel 

lane . 

.lie-Pa Labeled. Stri-pped Ghost ttem&ra.nes: 

Using an octylglucoside-saturated C4 columm, 14C-PG labeled stripped and washed 

ghost proteins were separated. The resulting profile is shown in Figure 4.4(A). 300 µl 

of each fraction (obtained at 1 minutes intervals) were scintillation counted. A plot of 

the radioactivity obtained is represented in Figure 4.4(B ). Except for significant counts 

obtained near 10 minutes (containing free label), the major radioactive peak is centered 

at 35 minutes. This peak contains about 1n of the radioactivity of the labeled whole , 

ghost membranes (if the smaller volume of sample scintillation counted is taken into 

account) and elutes at a retention time typical of band 3. This peak does not contain any 

residual radioactivity from previous samples. Thus, the stripping procedure tends to 

wash away much of the label. However, it is clear that protein retains some label. 

.lie-PG. Labeled pg.pa.i-n-Proteo(14zect Stripped Ghost ttem&ra.nes: 

Using an octylglucoside-saturated C1s column, peptides in 1 ml of 14C-PG labeled, 

papain-treated, stripped and washed membranes were separated. Figure 4.5(A) shows 
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Figure 4.3 

Figure (A) shows the HPLC absorbance profile for preparation of 14C-PG labeled 

whole, leaky ghosts. Figure (B) shows the scintillation profile for the fractions in (A). 

1 ml from each fraction was scintillation counted. An octylglucoside-saturated C1s 

column was used to obtain the separation. 
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Figure 4.4 

Figure (A) shows the HPLC absorbance profile for a separation of 14C-PG labeled 

stripped, leaky, ghost membranes. Figure (B) shows the scintillation profile obtained 

of 300 µI from each fraction collected in (A). An octylglucoside-saturated C4 column 

was used to obtain the separation. Much of the label appears to have been lost during 

the stripping and washing procedures. A C4 column was used for this separation. 
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Figure 4.5 

Figure (A) shows the absorbance profile for the 14C-PG labeled, papain-treated ghost 

membranes. It is similar to the profiles seen in Chapter III, except that long-term 

freezing at -200 C causes some aggregation of protein so that its peaks are not as clearly 

resolved. The scintillation profile in Figure (B) demonstrates that some of the label is 

retained by peptides even with the harsh conditions of HPLC. The peak labeled 95% B 

(95% organic buffer) may result from residual protein in the sample shown in Figure 

4.4. The peak eluting at 91 %B is discussed in the text. It has been very well 

characterized, and there is very little probability that it contains the active-site arginine. 

However, since by the labeling method used two to three residues are modified21, it is 

possible that this peak represents the second modification and not the active site 

modification. Furthermore, this peak's intensity was not entirely reproducible. 



143 

14c - PG Labeled, Papain - Treated Ghosts 

A 

1000 

s 91%8 95%8 

2 B 
:i ... 
& 500 
Cl) 

c 
:::, 
0 

(.) 

100 

Time (min) 
200 



144 

the absorbance profile for this sample. Figure 4.5(B) illustrates its scintillation profile. 

Fractions were collected at 3 minute intervals. The presence of label was detected by 

scintillation counting 1 ml of each fraction. This sample had been frozen, and the 

resolution is not as complete as it is in normal HPLC profiles. The maximum number 

of counts per minute was 1000, or 1/15 of the maximum in the profile for labeled 

whole ghosts. The absorbance and scintillation profiles for a blank run are shown in 

Figure 4.6. With nothing injected onto the column, peaks in the scintillation profile are 

present. These represent residual protein and label from the previous HPLC of labeled 

whole ghosts. Combined protein or label from the previous sample and from the 

current sample may have resulted in significant counts for the papain-proteolyzed ghost 

preparation at 95% B. Once again, the maximum number of counts obtained was about 

1/15 of the maximum for the whole ghosts. Although the largest peak elutes at 

different percentages of the organic phase, B, the profiles for papain-treated 

membranes and whole ghost membranes have very similar features. This peak could 

also represent a labeled proteolytic fragment. In this case, its position is typical of the 

peaks in the F region of the HPLC absorbance profile. In particular, it is in the Fl 

region. The N-terminus of the Fl peptide begins before the modeled transmembrane 

helix VC-13. Fl probably contains VC-13 and VC-14. (They are modeled to be 

separated by only two amino acids.) The broad nature of Fis probably due to multiple 

cleavage sites (two distinct but closely spaced N-termini were found for two sequenced 

peptides from F. However, the peptides in F were not very pure and are probably 

contaminated peptides from other parts of the protein. The sharp nature of the peak in 

the scintillation implies that it does not contain one of the peptides cleaved near the 

putative N-terminus for VC-13. 
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Figure 4.6 

Figure (A) shows the HPLC absorbance in a blank run (nothing injected) following the 

sample injected in Figure 4.4. An octylglucoside-saturated C1s column was used to 

obtain the separation. Clearly protein elutes at 73%B. This protein contains label as is 

demonstrated in Figure (B). The identity of the protein eluting at 73% is unknown. 

This peak gives support to the argument that some peptides are retained by the column 

and are eluted only at low yields for any particular HPLC run. 
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The peak at 91 %B corresponds to the location of sequence III in Figure 4.2. This 

sequence was extremely pure and was sequenced to 42 amino acids. It begins at 

mouse erythrocyte band 3 amino acid number 509. Two proteolysis fragments starting 

at the same point have been amino acid analyzed and contain over 80 amino acids (as 

seen in Figure 4.2). The human peptide contains arginines corresponding to positions 

MEB3 523, 527 and 530. None of them is modeled by Lodish25 or Voglaar and Chan 

to lie buried in a transmembrane helix. R523 and R530 are not conserved among all 

four sequences. There is one lysine (which can also react with a-dicarbonyls 17) 

conserved among all four sequences at MEB3 K558 (and another nonconserved lysine 

at K561). Neither is modeled by Vogelaar and Chan to lie within a transmembrane 

helix, although Lodish places both at the edge of L-525. Thus, sequence III may be 

labeled, but probably it does not contain the active-site arginine. Zaki has evidence for 

two to three modifications which may implicate this modifiction as the second label. 

Unfortunately, the peak was not entirely reproducible in intensity of scintillation 

counts. 

The inability to obtain sequencable amounts of modeled helices VC-3, VC-7, VC-8, 

VC-9 and/or VC-10, and possibly VC-14 could have several causes. Fragments 

containing these helices either aggregate and coelute at low concentrations with other 

peptides, or they may be retained on the column. Another possibility is that a family of · 

proteolytic fragments with closely spaced N-termini were eluted with poor resolution 

over a broad range. 

Scintillation profiles in Figure 4.7 for papain-treated membrane proteins which were 

separated on an octylglucoside C4 column showed promising results. In spite of the 

fact that only 180 µl of papain-treated, labeled membranes were injected onto an 

analytical column, the counts per minute reached 800. Unfortunately, gels showed that 
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the peak containing the most radioactivity was contamininated by several peptides of 

molecular weights < 950()24. It is clear from the broad peaks of the chromatograph 

Figure 4.7 

The HPLC absorbance profile for a papain-treated ghost preparation is shown in Figure 

(A). This profile was generated using a C4 column before conditions for optimal 

separation of these peptides were established and before the procedure for papain 

proteolysis had been optimized. Thus, the broad and weakly radiolabeled peak 

occurring between 25 and 40 minutes in Figure (B) actually represents whole band 3 as 

demonstrated by SDS-polyacrylamide gel electrophoresis. Autoradiography of the gel 

lanes containing the peak at 86 minutes shows a band at low molecular weights ( < 8000 

daltons). Silver-stained gels showed contamination by several low molecular weight 

species. 
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in Figure 4. 7(A) that there was substantial aggregation of peptides. 
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CONCLUSION 

After difficulties in separating band 3 papain-generated peptides with an 

octyglucoside C4 column (as seen in Figure 4.7) and by conventional methods (as 

described in Appendix I of this chapter) we attempted the separation using an 

octylglucoside-saturated C1s column. It was predicted that the longer hydrophobic 

chains on the stationary support would provide more surface for interaction with the 

octylglucoside and hydrophobic transmembrane helices of band 3. The fact that the 

C1s column yielded a number of sharp, intense peaks representing very hydrophobic 

peptides indicates that the prediction is justified. However, the C1s column is probably 

not suitable for separating all peptides, as we have demonstrated. While the detergent 

C 18 column efficiently separates many whole red blood cell proteins and 

transmembrane peptides, it retains some peptides or elutes them over a broad range of 

organic phase concentrations. 

Studies in this chapter, aimed at determining the active-site arginine, demonstrate 

that there are probably two main fragments with labeled arginines. This is based on the 

fact that there are two main peaks in the scintillation profile of labeled, proteolyzed, 

stripped and washed ghost membranes. The identity of one is known. It corresponds 

to a fragment which defines the edge of VC-4 (and VC-5). The identity of the other is 

not known. It is tempting to assign it to a fragment whose N-terminus lies on the edge 

of VC-13 (and is attached to VC-14). However, this fragment is known to have a 

number of closely spaced cleavage points and has been found in several fragments 
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eluting in the first 90 minutes of Time Program 1. The peak in the scintillation profile 

appears to be too narrow to include all of the VC-13NC-14 peptides. 

Figure 4.2 shows the helices modeled by Vogelaar and Chan in band 3. In Chapter 

III, we found sequences which may define the N-terminus of helix 1. One sequence 

was obtained for a peptide which corresponds to the edge of helix 2. Modeled helices 

VC-4 and VC-5 are probably connected by so few amino acids that they cannot be 

separated. We obtained four sequences which defined the N-terminus of helix VC-4. 

VC-6 has been sequenced by this laboratory and is probably connected to VC-7 by so 

few amino acids such that it cannot be proteolyzed into a separate fragments (see Figure 

4.2 and the amino acid analysis of ae9 in Chapter un. Sequences for modeled helices 

VC-8, VC-9 and VC-10 were not obtained. Two sequences were found to define the 

edge of helix 11. Helices VC-11 and VC-12 are probably contained in the same 

proteolytic fragment which has been amino acid analyzed and contains about 62 amino 

acids in a papain-generated peptide. A peptide of 62 amino acids is easily long enough 

to contain the two helices and a 'loop' to separate them. At least two sequences in the 

broad F region of Figure 3.3 define the start of helix 13. There is some controversy 

about the position of helix 14. According to Vogelaar and Chan, it is separated from 

helix 13 by only a few amino acidsll. A distinct peptide corresponding to helix 14 was 

never isolated. Of the helices modeled by Vogelaar and Chan, only helices 4, 5, 6, 10, 

13 and 14 contain either lysines or arginines within their borders. (Within the bounds 

defined by papain proteolytic data, helix 2 could also contain a nonconserved arginine). 

Helices 10 and 14 are significantly hydrophilic and are presumed to be the best 

candidates to contain the essential arginine11. However, the position of helix 13 in the 

HPLC is known has been obtained from proteolytic data and is probably connected to 

helix 14. Its position does not correspond to any significant amounts of radiolabel. We 

have also shown the probable location of the second arginine labeled by the Zaki 
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method If the mcx:lels predicting the transmembrane helices are all wrong, it is possible 

that this is in fact the essential arginine. We have shown that it is possible to covalently 

and stably label amino acids by the Zaki methcx:l. 

Therefore, we can predict the location of the essential arginine on the basis of the 

two types of restrictions. The experiments restricting the location of the essential 

arginine to several helices were: 1) scintillation studies, which demonstrated that the 

label could covalently and stably label the protein but was never detected bound to a 

reasonable, sequencable peptide, and 2) the proteolytic studies presented in Chapter III. 

The second major type of restriction is more theoretical and involves assumptions about 

conservation, the environment of the active site, and models of how the protein folds in 

the membrane. Combining these approaches, we have restricted the position of the 

active site arginine to 6 helices (helices 3, 7, 8, 9 and 10, and possibly 14). The 

requirement for an arginine near the middle of the anion channel makes helix 10 the 

most likely candidate to contain the essential arginine (R748). 
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Appendix 1 to Chapter IV 

ConventionaC J2lpproaclies for IsoCation of tfie 'Transmem6rane 

Peptides and J2lpproaclies for IsoCation of tfie Peptiae 

Containing tfie Ylctive Site 

As was mentioned in Chapter I, the goal of this thesis was to isolate and determine 

the sequence of the transmembrane helix containing the essential arginine in the active 

site of the band 3 protein. The obvious problem was to obtain a separation of the 

transmembrane fragments. Papain was used to generate the transmembrane helices, as 

described in Chapters III and IV. However, we found it impossible to isolate 

sequencable amounts of pure, papain-generated, hydrophobic peptides using 

conventional techniques. These early attempts and the related experiments are 

summarized below. 

Although we attempted to separate the peptides by many different conventional 

methods, the initial attempts were using HPLC (High Performance Liquid 

Chromatography). Tempst et al. were successful in obtaining separations of a large 

membrane-spanning glycoprotein and its trypsinized products using a two-step reverse-
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phase HPLC method 1. They also separated cyanogen bromide (CNBr) generated 

polypeptide fragments of this protein using a size-exclusion HPLC step and a reverse­

phase HPLC step. 

Using reverse-phase HPLC and size-exclusion HPLC and following protocols 

similar to those of Tempst et al., we were unable to obtain papain-generated, 

membrane-spanning peptides from red blood cell ghosts. Conventional reverse phase 

HPLC was attempted using a C1s analytical Vydac reverse-phase column. However, 

the chromatographs contained only a few broad peaks under some conditions while 

under other conditions the peaks were small and sharp but not reproducible. Reverse­

phase HPLC was then attempted using a C4 analytical Vydac column. Because the 

peaks seemed so broad and had so little absorbance, we thought perhaps the papain 

was not proteolyzing effectively. Therefore, we performed a papain incubation time 

course experiment. The difference in profiles between a 1 hour incubation and a 1.5 

hour incubation was negligible, indicating that the papain was proteolyzing completely 

within the first hour. This was confirmed by SOS polyacrylamide gel electrophoresis 

of different HPLC fractions. Although some of the gel lanes showed no visible 

protein, others showed contamination by multiple, low molecular weight proteolytic 

species. The small number of broad peaks in the chromatographs probably indicated 

that many different peptides were co-eluting. Thus, we were unable to obtain 

reproducible reverse-phase chromatographs or chromatographs with significant 

separations. It appeared that the membrane proteins adhered to either the guard column 

or the reverse-phase HPLC column using conventional mobile phases, so this method 

was abandoned. 

1 Tempst, P., Woo, D.D.-L., Teplow, D.B., Aebersold, R., Hood, L.E., and Kent, 

S.B.H. (1986) J. Chromatography 359, 403-412. 
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We believe that Tempst et al. were successful in isolating the proteolytic products 

of a large transmembrane glycoprotein because CNBr permeates the membrane and can 

cleave the protein at methionines within the membrane as well as in the 'loops'. (For 

example, Ross et al. have cleaved in the middle of the single, membrane-spanning 

portion of glycophorin A using CNBr2.) CNBr generated randomly spaced cleavages, 

resulting in peptides which were not completely hydrophobic and thus more easily 

separated. 

When attempting to separate papain treated integral membrane proteins on standard, 

discontinuous 10% and 12% sodium dodecyl sulfate-polyacrylamide gels by 

electrophoresis (SOS-PAGE) (see the Materials and Methods section of this 

Appendix), the presence of large amounts of membrane lipid caused Joule heating. 

This resulted in smaller, more mobile peptides running as a very frayed edge at the dye 

front. In the past, we have been successful in separating the papain-treated ghost 

membrane peptides by polyacrylamide gel electrophoresis3,4 • However, fraying near 
' , ,, 

the dye front has frequently been evident in our gels. In order to obtain large enough 
' i . i 1 • ~ " 

quantities of peptide to sequence, it was important that we use a method with good 

reproducibility and large yields. As a result of the heating phenomenon, it was often 

difficult to separate and visualize the low molecular weight peptides. 

Therefore, we established a dialysis protocol to eliminate lipids from the membrane 

suspension before loading sample onto the gels. Fraying was still somewhat evident. 

2 Ross, A.H., Radhakrishnan, R., Robson, R.J., and Khoraba, H.G. (1982) J. Biol. 

Chem. 257, 4152-4161. 

3 Falke, J.J., Kanes, K.J., and Chan, S.I. (1985) J. Biol. Chem. 260, 13294-13303. 

4 Kanes, K.J., Vogelaar, N.J., and Chan, S.I. (1987) Membrane Proteins, Proc. 

Membr. Protein Symp., Meeting Date, 1986 (S.C. Goheen, ed.), 343-352. 
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We concluded that our dialysis procedures had little effect on the the excessive heating 

for the more mobile peptides, because the dialysis was performed against high 

concentrations of urea--which adds to excessive heating. Additionally, some of the 

protein is lost in dialysis since the protein stained poorly in dialyzed samples. 

Attempting to perform HPLC after dialysis of these samples resulted in a precipitate. 

This precipitate was evident when trifluoroacetic acid was added to the sample 

containing urea. 

In an effort to isolate the fragment containing the active site arginine without using 

radiolabel, we tried to label the active site with substituted phenylglyoxal (PG) 

analogues. These analogues contained substituents on the phenyl group so that they 

had absorbance maxima at wavelengths that could be monitored conveniently. Para­

hydroxyphenylglyoxal (p-OH PG) was synthesized by the method of Fodor and 

Kovacs5. According to several sources, the a-dicarbonyls 1,2-cyclohexanedione and 

PG can be made more specific for arginines in anion recognition sites of proteins if the 

reaction is carried out in the presence of borate6 7 . However, when applying the 

procedure to phenylglyoxal analogues (para-hydroxyphenylglyoxal and para­

nitrophenylglyoxal) they would not label irreversibly under conditions when borate was 

present. After the reaction, the presence of unbound PG derivative was evident in 

stripping wash supernatants when monitored by uv-vis spectrophotometry. There were 

also large amounts of free label in the void volume of HPLC chromatographs when 

5 Fodor, G., and Kovacs (1949) J. Am. Chem. Soc. 71, 1045-1048. 

6 Dietl, T., and Tschesche, H. (1976) Hoppe-Seyler's Z. Physiol. Chem. 357. 657-

665. 

7 Patthy, L., and Smith, E.L. (1975) J. Biol. Chem. 250, 557-564. 
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labeled ghosts proteins were monitored at 340 nm (for p-OH PG) or 450 nm (for para­

nitophenylglyoxal). 

Next, we used the method of Zaki to label band 3 in ghost membranes with p-OH 

PG8 . This method seemed to stabilize p-OH PG labeling of the protein as shown by 

35Cl NMR. Although it has been determined that PG modifies the band 3 transport 

site, it was not known if p-OH PG reacts with the active site. For this reason, it was 

necessary to characterize the modification of band 3 with this reagent. This was 

accomplished using the 35Cl NMR assay developed in this laboratory9 10. Data 

comparing transport site linebroadening of unmodified membranes and membranes 

modified by p-OH PG showed that p-OH PG is interfering with the chloride binding to 

the transport site, indicating that the transport site is modified. The extent of 

modification was estimated by the decrease in transport site linebroadening. More than 

80% of the transport site appeared to have been modified3. However, as discussed 

below, this label proved to be too unstable for detection of the active site. The PG 

analogues labelling band 3 were not stable to acid hydrolysis. Reverse-phase columns 

are intolerant of pH's above 7, a condition which favors loss of label. Furthermore, 

neither the products nor the stoichiometry of reaction of these analogues with arginine 

is known. 

We also used para-nitrophenylglyoxal (p-NO3 PG) to label ghosts which we then 

proteolyzed with papain. HPLC was performed on a variety of samples at p-NO3 PG's 

absorbance maximum ( 450 nm) using a SpherogeI™-TSK SW 2000 column for size­

exclusion chromatography. This column was used becaause it tolerates higher pHs 

8 Zaki, L. (1984) FEBS Lett. 169, 234-242. 

9 Falke, J.J., Pace, R.J. and Chan, S.I. (1984) J. Biol. Chem. 259. 6481-6491. 

10 Falke, J.J. (1985) Doctoral Thesis California Institute of Technology. 
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than reverse phase columns. Under neutral pH conditions of this column, detection of 

the bound label should have been possible. We had hoped that the bound label would 

have a shift in its absorbance maximum. This did not occur. In addition, Tempst et al. 

successfully used a similar size-exclusion column as the second step of their protein 

purification. None of the retention times of peaks visible at 220 nm corresponded 

exactly with peaks monitored at 450 nm. Therefore the labeling with p-NO3 PG was 

not pursued. We chromatographed p-OH PG labeled papain-treated ghosts on a TSK 

column and obtained results which were reproducible but had only a few poorly 

resolved peaks. 

In order to determine if the peaks obtained by HPLC on a TSK column contained 

pure protein, we collected protein fractions from peaks and electrophoresed them on 

SOS polyacrylamide gel. We then stained the gels by a very sensitive silver staining 

method. In some lanes we saw no protein, indicating that there was not enough protein 

to visualize by this method. In one lane we saw several 'bands of very light intensity, 

including one diffuse band of molecular weight 95,000 daltons which we assumed was 

band 3. However, we concluded that the TSK was not purifying the proteins. Instead, 

it was chromatographing detergent-protein micelles which contained a variety of protein 

species. 

The biggest disadvantage to these conventional HPLC techniques was that few 

peaks were present on the chromatographs. According to the information obtained by 

SOS polyacrylamide gel electrophoresis, they contained a large number of peptides. 

Therefore, we did not continue with size-exclusion chromatography. 

Because the HPLC chromatographs for peptides labeled by both analogues were 

not entirely reproducible and because of the disadvantages described above, approaches 

to labeling band 3 using p-OH PG and p-NO3 PG were not pursued. 
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In order to obtain large quantitiies of pure protein, we then attempted to separate 

the proteins by electroeluting excised strips containing protein from SDS 

polyacrylamide preparatory gels. We then used HPLC to determine the amount of 

protein recovered. The protein recovery and resolution on the preparatory were very 

poor, so we did not pursue this method. 

Using the method of Tomich et a[. I I, we obtained reproducible HPLC 

chromatographs of papain-generated membrane protein fragments. We then separated 

peptides in the fractions collected for different chromatographed peaks by linear gels 

and later gradient gels. We obtained a few different peptides under different peaks, but 

the recovery was good, and the peaks were generally of similar sizes. This would be 

expected if the peptides are eluted by the mechanisms described in Chapter III. 

Electrophoretically transferring (electroblotting) these SDS polyacrylamide gradient 

mini-gels onto p-phenylene diisothiocyanate-(DITC) treated filter blots was attempted in 

order to isolate the proteins for sequencing. The electroblots were stained with a 

variety of reagent$ .. A gold stain yielded the best results. Unfortunately, while the 

molecular weight standards were visible, protein from the papain preparation was not. 

In retrospect, either the composition of the peptides (hydrophobic, with small net 

charge) or their relatively small size reduced the efficiency of the electroblotting 

procedure and the ability to stain efficiently. 

We attempted to optimize the membrane solubilization conditions in order to obtain 

the best resolution possible in the HPLC chromatographs using the method of Tomich 

et a[. I I A variety of different protein denaturing reagents were used. These include the 

use of other detergents such as octylglucoside and SDS, formic acid, urea, and 

11 Tomich, J.M., Carson, L.W., Kanes, K.J., Vogelaar, N.J., Emerling, M.R., and 

Richards, J.H. (1988) Anal. Biochem. 174, 197-203. 
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trifluoroacetic acid. The best resolution in the chromatographs obtained for papain­

generated transmembrane fragments was found using SOS. We also found that it is not 

necessary to boil samples in SOS before injection. There is sometimes more 

aggregation, demonstrated by poorer resolution in the chromatograph, after the samples 

are boiled. The separation of peaks and their retention times in the chromatograph is 

dependent upon the temperature at which the HPLC column is kept. Low temperatures 

lead to many fewer peaks and poor resolution. Maintaining the column at high 

temperatures does not seem to damage the column since the profiles of papain­

generated peptides was constant for over 150 runs. 

Iso-electric focusing was attempted using a vertical mini-gel format according to the 

method described by Aebersold et al. 12 . While the method seemed to show some 

promise in separating the proteins, it proved difficult to electroblot from the focused 

gel. 

In summary, we attempted.to separate both unlabeled and labeled whole membrane 

proteins and proteolyzed ghost fragments by a variety of methods. We labeled ghosts 

with two different PG analogues but were unable to label the;protein or its proteolysis 

fragments irreversibly. Furthermore, using a variety .of conventional protein separation 

techniques, we were unable to obtain large recoveries of peptides. In addition, these 

methods were labor-intensive, time consuming, and never yielded pure peptide. 

12 Aebersold, R.H., Pipes, G., Hood, L.E., and Kent, S.B.H.(submitted manuscript) 
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MATERIALS AND METHODS 

M.g,teriq(s I 

Reagents and their sources are: p-nitrophenylglyoxal monohydrate (Pierce Chem. Co); 

morpholine, trifluoroacetic acid (TFA) (Aldrich); 1-propanol, acetonitrile (CH3CN) 

(all HPLC grade) (Aldrich); dithiothreitol (DTT) ICN; Molecular weight standards, 

BRL; phenylglyoxal, Aldrich; papain, Calbiochem. 

tte.tbo<is 

Mem6rane Preparation: 

Leaky red cell membranes (ghosts) were prepared as described previously 13 . 

S'lJS-Pofuac.wfamitfe (je{ 'E{ectropfwresis and Si{ver Staining: 

The gel system for low-molecular weight peptides used the discontinuous buffer 

system of Laemmli14 • The stacking gel contained 9.6% acrylamide and 0.048% 

bisacrylamide. The separatory gel contained 16% acrylamide, 0.5% bisacrylamide, 

21.6% urea, and 13.3% glycerol (v/v). The stacking and separatory solutions were 

filtered and copolymerizedl5. These low molecular weight gels were silver-stained as 

described previously 16, except that gels were first fixed in 10% trichloroacetic acid and 

13 Falke, J.J., Pace, and Chan, S.I. (1984) J. Biol. Chem. 259, 6472-6480. 

14 Laemmli, U.K. (1970) Nature 221, 680-685. 

15 Merle, P., and Kadenbach, B. (1980) Eur. J. Biochem. 105, 499-507. 

16 Oakley, B.R., Kirsch, D.R., and Morris, R. (1980) Anal. Biochem. 105 361-363. 
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40% methanol for > 4 hr. All solutions before the staining solution and after the 

reducing solution contained 40% methanol to prevent gel swelling. Photographs and 

negatives were made using a Polaroid land camera and Type 55 Polaroid film. 

Molecular weight standards included the following proteins: phosphorylase b (94 kDa), 

carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20.1 kDa), lactalbumin (14.4 

kDa), aprotinin (6.5 kDa), and insulin A (2.3 kDa). 

'Dialusis {Re11Wval of Lipids: 

A solution of 100 mM sodium dihydrogen phosphate was pH adjusted to 7.8 to 8.0, 

and OTT was added to a concentration 1 mM. Enough of this solution was added to 

double the volume of the ghosts. The resulting mixture was allowed to stand for 5 

minutes. The following were added to denature: Enough urea was added until a final 

concentration of 6 M was reached, SOS was added until it comprised 2% of the final 

volume, and iodoacetimide was added to give 15 mM final concentration. This clarified 

mixture was dialyzed against 100 volumes of 4 M urea and 1 % SOS. The SOS was 

added to prevent protein precipitation. 

Conventional C-18 {Reverse-Pliase :J/PLC: 

The mobile phase was composed of an aqueous buffer A (0.1 % 1FA in water) and 

an organic buffer B (0.1 % 1FA in 10% water 90% CH3CN). The following gradient 

was used: 
time function value 
(min) 

0.01 T.flow 1 ml/min 
0.01 B cone. 28 
0.01 wavelength 220 

5 B cone. 44 
63 B cone. 100 
73 B cone. 100 
78 B cone. 28 
88 B cone. 28 
90 stop 
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end 

Para-fupiro;rJ{l'MnvfrT{uoxal £a6efinp :Mem6rane Proteins in 'Borate: 

A solution of 200 mM borate was pH adjusted to 8 with sulfuric acid and solid p­

hydroxyphenylglyoxal (p-OH PG) was added to make a final concentration of 50 mM. 

one volume of this solution was added to one volume of ghosts. This suspension was 

incubated at 37 degrees for 1 hour with shaking. The mixture was washed twice in 

5P8 by centrifugation for 15 minutes each at 15K rpm (27,000 x gmax) to pellet the 

membranes in order to wash away excess p-OH PG. Then enough fresh p-OH PG 

solution to equal the membrane pellet was added, and the procedure was repeated. 

Para-huarox:wfunu(o:{uoxal £a6efing of (jhost :Mem6ranes in Zaki 'Buffer: 

Ghosts were modified with p-OH PG by diluting one part ghosts with one part 

labeling buffer. The labeling buffer contained 200 mM sucrose, 25 mM gluconate, 25 

mM citrate, 5 mM HEPES, and 1 mM sodium sulfate and as the same as that used by 

Zaki8. The final concentration of p-OH PG was about 4 mM. 

'J{:M'R Sampfe Preparation: 

Packed membranes were diluted by half using 5 mM NaH2PO4 at pH 8 (henceforth 

referred to as 5P8). A volume of this membrane suspension was then mixed with an 

equal volume of ammonium chloride solution to give a final ionic strengh of 0.4 M and 

a pH of 8.0. The ammonium chloride concentration varied from 0.025 to 0.40 M and 

sodium citrate was used to adjust the ionic strength. The solution also contained 20% 

deuterium oxide to provide an NMR lock signal. Finally, the samples were sonicated 

for 6 minutes using a probe microtip sonicator at 50% duty to ensure chloride access to 

both sides of the membrane. In order to determine the linebroadening associated with 

the transport site two 2.0 ml aliquots of membranes were added to each of two NMR 
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tubes, one containing 50µ1 of 40 mM DNDS, the other containing 40 µI of distilled 

water. 

;}{Af'R Spectroscop,u: 

35CI NMR spectra were taken at 25°C on a Varian XL200 spectrometer at the 35CI 

resonance frequency of 19.6 MHz. To ensure temperature equilibration, 200 dummy 

scans were routinely taken before data acquisition. 

;}{Af'R 'Data .91.nal!JSis: 

Linebroadening for each sample was determined by subtracting the half-height 

linewidth for chloride in the absence of membranes from the half-height linewidth of 

the sample. To normalize the linebroadening to the amount of protein (and therefore 

band 3) present, protein concentrations were determined by the modified Lowry protein 

assay 17 . 

Size 'ycfusion 1-fPLC: 

The column used for these experiments was a Spherogel™-TSK SW 2000 size 

exclusion HPLC column. The buffer was 50 mM Na2HPO4 with 1 % SOS at pH 7. 

The runs were performed under isocratic conditions at room temperature. The flow rate . 

was maintained at 1 mVmin. 

S'DS Pofuq.crgfamitfe vradient vef 'Efectroplioresis: 

17 Markwell, M.A., Haas, S.M., Bieber, L.L., and Tolbert, N.E. (1978) Anal. 

Biochem. 87, 206-210. 
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Linear gradient gels were prepared as described in the Bio-Rad Model 395 gradient 

instruction manual. The acrylamide concentration was varied from 9% to 16%. The 

method is briefly described in Reference 12. 

'Efectroe!ution Proceaure: 

Eight 15 cm x 1 cm gel tubes were cleaned in 1:1 saturated KOH in ethanol/H2O and 

rinsed. They were inserted into the gel tank. 30 ml of the separatory gel solution was 

prepared, poured to the 4 cm line and overlayed with water. Meanwhile protein 

containing gel strips excised from the preparatory gel were soaked in 5 ml of 1 x 

Laemmli stack gel with 20 µ1 of 1 % in ethanol bromphenol blue. The excised strips 

were chopped into 1-3 cm pieces and loaded into the gel tank tubes, allowing 1 cm 

between the top of the tank and gel pieces. An agarose solution containing 116.6 ml of 

water, 3 g of agarose, and 50 ml of a stack gel solution was warmed in a water bath to 

liquify. It was then poured to nearly the top of gel slices. Bubbles were ejected and 

removed. The agarose/stack gel was allowed to polymerize for 10 minutes. This step 

was repeated with more of the same solution. The purpose of splitting this part of the 

procedure into two steps was to prevent the gel slices from floating to the top. Running 

buffer was poured into the upper and lower tank and bubbles were dislodged from the 

bottom of each tube. The tube gels were run at 50 mA, with positive on top. When the 

top dye front neared the top of the gel, 1 cm of the 30% glycerol in 1 x Laemmli stack 

gel solution was layered on the top of the gel and the diffuse dye collecting in the 

glycerol phase was collected. This step was repeated for the lower dye front. 

'Efectro6{otting Proceaure: 

Papain-generated proteoytic fragments separated on gradient gels prepared as above 

were electroblotted onto activated glass filter paper by the method outlined by 
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Aebersold et a/.IB,19 . A variety of dyes were used to stain the electroblot. These 

include a sulfhydryl stain, a 'coumarin' stain whose principal reagent is 7-

diethylamino-3-((4'-iodoaceylamino)phenyl)-4 methylcoumarin, a gold dye called 

AuroDye® (Janssen product number 30.703.51) and a Biorad Colloidal Gold protein 

detection assay ( catalog number 170-6517). 

18 Aebersold, R.H., Teplow, D.B. Hood, L.E. and Kent, S.B.H. (1986) J. Biol. 

Chem. 261, 4229-4238. 

19 Aebersold, R.H., Teplow, D.B., Hood, L.E. and Kent, S.B.H. (1985) Modem 

Methods in Protein Chemistry (J.J. L'Italien, ed.) Plenum Press, New 

York. 
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Table 1 

Table 1 shows the techniques attempted for isolation of band 3 transmembrane peptides 

and the limitations of each. 



Method 

Reverse Phase HPLC 

( organic and aqueous 

phases) 

Size Exclusion HPLC 

Gels 

Electroelution 

Electroblotting 
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Description 

C4column 

C1s column 

SpherogelTM-TSK 

2000-SW 

Linear, 10% 

acrylamide 

Gradient, 9-16% 

acrylamide 

Excised protein 

from linear 

preparatory gels 

using a variety of 

stains from the 

above gradient gels 

Limitations 

Poor recovery of peptides. 

Broad, poorly resolved peaks 

contained multiple peptides as 

seen by SOS-PAGE. 

Loss of protein, as demonstrated 

by peaks with little absorbtion at 

215 nm. 

Few peaks (2 major and 3 minor). 

Poor resolution 

at low molecular weights. 

Poor resolution. 

Poor recovery. 

Poor recovery and/or detection. 


