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ABSTRACT

A new model of human erythrocyte (z-spectrinis proposed. The secondary

structure of human erythrocyte (z-spectdn and its folding into a condensed structure

that can convert reversibly in situ, into an elongated configurationis predicted

from its deduced protein sequence. Results from conformational and amphipathicity

analyses suggest that cc-spectrinconsists mainly of short amphipathic helices

interconnected by flexible turns and/or coils. The distribution of charges and

amphipathicity of the helices can facilitate their folding into stable domains of 4 and 3

helices surrounding a hydrophobic core. The association between adjacent four- and

three-helix domains further organize them into recurring seven-helix motifs that might

constitute the basic structural units of the extended mspectdn. The elongated spectrin

molecule packs, in a sinusoidal fashion, through interactionsbetween neighboring

motifs into a compact structure. We suggest that the reversible extension and

contraction of this sigmoidally packed structure is the molecularbasis of the

mechanism by which spectrin contributes to the elasticity of the red cell membrane.
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INTRODUCTION

Spectrin is the ma_ncomponentof a skeletal proteinneh_orkthat lines the

cytoplasmicsurfaceof the humanerythrocytemembrane(1-4). This networkconfers

mechanicalstabilityand elasticityon the humanerythrocyte(5-8). The abilityof

spectrinto contributeto the mechanicalstabilityof the skeletonarisesfrom its

dirner-dimerinteractions,whichlead to the formationof tetramers,the functionalunits

in situ (9,10), and from its interactionswithactin, protein4.1, and ankyrin,which serve
',r

to organizeandanchor the networkto the membranebilayer(11-15). How spectrin

contributesto the elasticityof the skeletonis unknown. Severalhypothesesand

structuralmodelshave been proposedthat relate the elasticityof the skeletalnetwork

to the physical and chemicalpropertiesof spectrin(16-19), but, littleattentionhas

been focused on its structure-functionrelationships.

Spectrin is a heterodimer, consisting of o_and [3subunits associated in an

antiparallel manner (9,10,20). Both o_-and [3-spectrinare high-molecular-weight

proteins (286,000 and 246,000 Da, respectively) consisting of homologous repeating

sequences of approximately 106 amino acids (21,22). Electron microscopy (EM) of

platinum shadowed specimens showed that purified spectrin dimers are long thin

filaments approximately I000 A in length (9). More recently, we have demonstrated by

EM of negatively stained preparations showed spectrin can exist both as condensed

and extended configurations in the intact skeleton (23). We suggested that the

transition between these configurations could be the basis of membrane elasticity.



In this study, we have examined the configuration of spectdn released under

different experimental conditions and conclude that structural polymorphism is an

intrinsic property of spectrin. This new structural information and the cDNA sequence

reported recently (24) prompted us to initiate a new analysis of the secondary

structure of human (z-spectrin. A new model emerged from our analysis which

conforms to the known biochemical properties of spectrin, including the location of

protease cleavage sites in normal spectrin (25) and in spectrin isolated from patients

with hereditary anemia (26,27). This model differs in many respects from the

"three-helix bundle" model proposed by Speicher et al. (22,25). Since erythrocyte

spectrin is the most extensively characterized member of the spectrin gene family (28-

30), this model of an elastic biopolymer may have general bearing on our

understanding of the structure and function of the spectrin family.

Electron microscopy study

The structure of spectrin released by different methods under various conditions

was examined EM of negatively stained specimens over fenestrated grids. The EM

specimens were prepared either immediately upon separation from the membrane

bilayer or after prolonged dialysis against buffers containing dithiothreitol (DTT). Our

results show that freshly released spectrin, either as free dimers and tetramers or as

ensembles released together with protein 4.1 and actin, invariably assumed a

condensed configuration regardless of the method and conditions under which it was

released (Figure 1 left panels). However, manipulation of spectrin or spectrin-



containing conglomerates, such as dialysis against DTT-containing buffer, column

chromatography, or the addition of ammonium bicarbonate, all led to unfolding of the

spectrin molecules to vadous extents (see Figure 1 right panels and the legend to

Figure 1). Ammonium bicarbonate is by far the most effective reagent for the

unfolding of spectrin.

The above observations indicate that spectrin is in a condensed configuration in

situ, which can convert to an elongated form upon its release from the bilayer.

To understand the structural basis of this interconversion, we carded out

conformational analysis of (z-spectdn based on secondary structures predicted from

the protein sequence deduced from its cDNA sequence (24). The premises of our

structure development lies on the assumptions that (i) folding of the secondary

structures of o_-spectdnis governed by local hydrogen bonding and by hydrophobic as

well as electrostatic interactions; (ii) folding is independent of the presence of _-

spectrin; and (iii) the amphipathic character of the secondary structures plays an

important role in the initiation and regulationof the folding of the polypeptide backbone

(for reviews on the folding of proteins, see 31-34 and references cited therein).

Structure prediction

The prediction of secondary structurewas based on the statistical method of

Chou and Fasman (33) using conformationalparameters derived from the

crystallographic structures of 64 proteins (34). A sliding window of four residues was



used for all potential and amphipathicity calculations. Threshold values were set as 6

residues for the assignment of helices and 13-strandsand 2 consecutive residues for

_-turns. At locations where a segment displayed the potential for more than one

conformation, the preferences of our selection were 13-turn> (z-helix> _-strand, based

in part on the higher reliability of the _-turn predictions by the Chou-Fasman algorithm,

and also on the high helical content of the spectrin determined by circular dichroism

spectroscopy. Furthermore, we ignored single..residuegaps in an otherwise

continuous peak if, and only if, the residue in question did not exhibit a potential for

other conformations.

The amphipathicity of the helices and _-strands were calculated based on the

algorithm described by Eisenberg et ai. (35), with slight modifications. In our

calculation, the entire sequence is viewed as a continuous helix or _-strand with

residue number 1 as a fixed reference point for the direction of the hydrophobic

moment of successive 4-residue segments along the primary sequence. The

amphipathicity of the predicted helix and _-strand is obtained by multiplying

hydrophobic mofnents with the pred!cted Chou-Fasman potential and is plotted with a

cutoff value of 0.5 alongside the conformational potential in a normalized scale.

The first step in our conformationai analysis was to generate a consensus

sequence for all 23 homologous repeats of o_-spectdnusing the alignment suggested

by Moon and McMahon (36), which takes into consideration homologies between



erythrocyte and non-erythrocyte spectrin. Our consensus sequence is essentially

identical to that reported by Sahr et al. (24). Overall, the hydrophobic residues are

more highly conserved than the hydrophilic and charged residues. Of the 15 best

conserved residues (> 50% occupancy), 11 are hydrophobic residues having a large

side chain (1 Phe, 2 lie, 6 Leu, and 2 Tip); only three are charged (Asp, His and Lys),

and one (Gly) is a neutral residue. However, if we take into consideration residues of

similar properties, the distribution of charged residues is as highly conserved as that of

the hydrophobic ones (18 hydrophobic and 15 hydrophilic and charged residues

altogether). This suggests that the hydropathyof the amino acids may play an

important role in the folding of the molecule.

When placed on the surface of a helix net, most of the hydrophobic residues in

the consensus sequence have one or more of their six neighboring positions (i.e.,

positions i -,-1, i __.3, and i ± 4 with respect to the ith residue) occupied by residues

of similar property. This suggests that conformations represented by the consensus

sequence are likely to be amphipathic if they are (z-helical. If this is the case, most of

the hydrophobic surface of the helices must be shielded from the aqueous

environment by the packing of secondary structures, since spectrin is not a

transmembrane protein. Moreover, its energy of stabilization must derive mainly from

the interaction of secondary structures because it lacks prosthetic groups and disulfide

linkages, factors that contribute to the folding and stabilization of other soluble globular

proteins.



Results from conformational analysis of the entire 2429 amino acid residues of

o_-spectrinshow that more than 75% have a helical potential greater than unity and

that segments with high 13-turnpotential invariably coincide with breaks in helical

potential (Figure 2, panels A and B). Most importantly,we found that most, if not all,

of the potential helices are amphipathic judging from its amphipathicity profile (Figure

2C), while only 6 relatively small peaks (6-8 residues each)in the entire c_-spectrin

sequence display significant amphipathic 13-strandpotential (data not shown). This

prediction of unusually high helical content and low I]-strand content is in agreement

with earlier results of circular dichroism spectroscopy measurementsof spectrin (37)

and with the prediction by earlier reports (22). However, the number and length of the

helices predicted by our algorithm differ from that predicted by earlier Studies (22).

Since the potential J3-strandsare few and well separated, we focused our attention on

the packing of the amphipathic helices.

The composite helical potential profile of e_-spectrin(Figure 2A) shows that the

length and position of the putative helices are highly variable. Most helices are

relatively short (7-20 amino acids), with an average length of 13 residues. Large

breaks in the helical potential profile tend to occur at the boundary of the repeats, as

well as close to the midpoint of the repeats dividing them into segments of unequal

length. Additional breaks in the helical potential or peaks in I]-tum exist throughout

the entire sequence of the repeats. Since the position and length of the helices are

highly variable among the repeats and because the spectrin molecule has an



unusually high helical content, we decided to analyze the folding of individual repeats

instead of collectively averaging the conformations among repeats, which has been

the basis for the development of previous models.

Helical wheel projections (38) showed that the seven potential helices which

span slightly more than the length of repeat number one are indeed amphipathic; that

is, hydrophobic and hydrophilic residues segregate to different sides of the helices

(Figure 3A). Since a combination of high helical potential and amphipathicity has been

shown to facilitate the folding of designed synthetic peptides and native-like proteins

into stable domains of antiparallel helices (39-42), we propose that these short helices

of (z-spectrinalso fold into stable domains of antiparallel helices driven by their

amphipathicity. In predicting the packing of these amphipathic helices, we take

into consideration (i) the direction and spatial disposition of consecutive helices

predetermined by the short length of the connecting segments (43); (ii) the maximum

number of hydrophobic interactions; and (iii) the minimum number of repulsions

between hydrophobic and hydrophilic residues and between residues of like charge.

Results from the above prediction suggest that the first seven helices of the c_-

spectrin can organize into two stable domains of four and three helices, respectively

(Figure 3B, C). These domains are stabilized by both hydrophobic and electrostatic

interactions. Most hydrophobic residues are at the interiors of the clusters while most

hydrophilic residues are at the surfaces. The charged residues in the interior of the
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helix-clusters are invariably in the vicinity of residues with opposite charge, and hence

contribute to the stabilization of these domains through the formation of salt bddges in

hydrophobic pocket. The small number of hydrophobic residues that remain exposed

at the surface of the clusters are segregated to the sides of the clusters that permit

inter domain interactions (Figure 3C).

Preliminary results from energy minimization and molecular dynamic analysis

using Macromodel on Silicon Graphics (IRIS 3000) showed that clustering of helices I

to IV, based on orientations predicted by helical wheel projections, locked the 8

residue segment IV into a stable helix conformation and reduced the total energy of

the system by approximately 350 kcal/mol. Hydrophobic and electrostatic interactions

account for all of the changes. Even though the numerical value of the calculated free

energy change is based on the initial states and is likely to vary as the initial

conformation of the helices changes, this result suggests that antiparallel association

of these amphipathic helices is energetically favorable and that our prediction is in

agreement with energy constraints.

When similar guidelines were applied to predict the folding of the N-terminal

80-kDa tryptic domain of o_-spectrin(i.e., cd domain) (21), we were able to identify

putative domains of four short amphipathic helices followed immediately by domains of

th,_e helices. The distribution of the remaining hydrophobic residues and charged

residues at the surfaces of the domains, once again, predicts the association between

: 10



consecutive four- and three-helix clusters into recurringseven-helix motifs. We

suggest that these motifsare the basic foldingunitsof spectrin.

The predicted foldingof the entire _ domainof spectrinand its packing into a

condensed configurationis shown in Figure 4. In predictingthe packing of the seven-

helix motifs into the condensed configuration, we seek maximum interaction betweeni

opposite charges and minimum repulsion between similar charges on the basis that

most, if not all, of the hydrophobic residues are involved in either intra-motif

interactions or in the association of the ¢ and _ subunits. Our results suggest that the

association of the second seven-helix motif with the first motif changes the direction of

the helix procession, causing it to fold back on itself. While incorporation of the third

motif does not change the general direction of the double row of helices, the

incorporation of the next motif once again reverses the general direction of the

molecule. The ribbon in Figure 4 shows that, even though the peptide backbone

follows a 'zig-zag' course and the overall appearance of the molecule is a disordered

two-dimensional array of short amphipathic helices, the molecule follows a sigmoidal

path.
. •

Judging from the overwhelming distribution of amphipathic c_-helicesand the

conservation of charged and hydrophobic amino acids over the entire sequence, it is

conceivable that similar patterns exist throughout the o_-spectrinmolecule. We

suggest, based on both the conformational analysis and EM studies, that the entire
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spectrinmolecule organizesinto stabledomains of 4 and 3 amphipathichelices

interconnectedby flexibletums or loops. The consecutivedomainsmay associate

with each otherand form seven-helixmotifs. This extendedmotifs-on-a-string

configurationcan fold in a sinusoidalfashionleading to the formationof a disordered

two-dimensionalarray of shortamphipathichelices. The domainsare stabilizedby

stronghydrophobicand electrostaticinteractionswhereasthe interactionsbetween

motifsare ratherwe'akand mostlyelectrostatic.

The folding cf the helices into stable domains (cr motifs)shortened the length

of the extended chain of helices by approximately three-fold so that an extended

motifs-on-a-stringconfigurationconformsto the length o; the spectrindimers

measured in the photomicrographsof the platinum-shadowed preparations (9) and

expanded skeletons in negatively-stained preparations (23, 45). The folding of the

motifs-on-a-stringconfiguration in a sinusoidal pattern further reduces the distance

between the ends cf the spectrin molecule and leads to the formation of highly

compact structure. The dimension and condensed nature cf this new spectrin model

corresponds well with the calculated distance between neighboring actin prctofilaments

(ca. 600 _, per tetramer) and with the granular appearance of spectrin molecules in

situ (45) as well as in skeletons freshly released from the bilayer (23).

Based on the assumption that spectrin is responsible for the solid elastic

behavior of the red cell membrane, Waugh et ai. (46) estimated, from the

12



thermodependenceof the red cell elastic modulus,an energyof ca. 0.6 kcal/mol for

the extensionof spectrin,which is, as indicatedbythe authors,much lowerthan the

energiesof hydrophobic,electrostatic,and metaboliceffects. The above authorsalso

showedthat the shear elasticmodulusof redcell membranedecreaseswith

increasingtemperature,suggestingthat the deformedspectrinnetworkis in a state of

greater disorderand higherenergy than the Undeformednetwork(47). Judgingfrom

the electrostaticnatureof the potentialinteractionsinvolvedin the foldingof the

condensedstructurein our model,the energyrequiredfor extensionand contractionof

such a sinusoidalstructureshouldnotbe excessive.

Since the spectrin tetramer is attachedto the membrane bilayer at well-

separated sites along the entire length of the tetramer, it loses its freedom of rotation

and is expected to retain energies generated due to extension of the molecule

resulting from deformation of the membrane by shear stress. The energy which is

stored as chemical potential is sufficient to facilitate the refolding of the elongated

molecule once the external shear stress is removed. The dissipation of energy

through inter motif rotation of molecule in solution may partially account for our lack of

success in refolding of the extended spectrin molecule following its release from the

bilayer (unpublished result). The fact that spectrin undergoes conformational changes

once released from the bilayer may also account for the discrepancies between results

observed by Stokke et al. on the thermodependence of the intrinsic viscosity of

isolated spectrin dimers (48) and those reported by Waugh et al. on the

13



thermoelasticityof red cells (46, 47).

DISCUSSION

A modelconsistingof repeatingthree-helixbundleswas initiallyproposedfor

spectrinbased on the repeatingsequencesof the oddomain(22) and the appearance

and physicallengthOf the spectrinfilamentsdeterminedby EM studies(9). In this

early model, it was proposedthat the 106 aminoacid repeatsfold intothree long

helicesof approximately33 residuesforminginterconnectedhelicalbundleswiththeir

longaxisparallelto the lengthof the filamentousmoleculeand to the planeof the

bilayer. This "three-helixbundle" modelwas laterdevelopedintoa "rod-shaped"

modelfor dystrophin(31). However,neitherfilamentsnor rigidrodsof 1000 A can be

detectedin the nativeskeletonwithoutexpansionof the network, in addition,this

simplifiedmodelis inconsistentwithpropertiesof spectdnderivedfrom protease

digestionand mutationstudies. Recently,there havebeen disagreementsover the

number of helices and 13-strandsin each 106 amino acid repeat used for the derivation

of the original "three-helix bundle" model (49,50), and a model consisting of three

helices and two _-strands was proposed based on collective averaging of secondary

structures predicted from a partial sequence of human mspectrin (49). However,

there has been very little discussion on the validity of this new model in terms of

tryptic digestion or properties of spectrin.

We have based our analysis on the availability of the complete protein
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sequence,the compact structureof spectrinin situand the conformational

rearrangementof spectrinupon its releasefrom the bilayer,as well as on a set of

more preciseconformationalparameterscompiledfrom the structureof 64 proteins

(34). No assumptionswere invokedaside from a setof rulesdeducedfrom the

foldingof globularproteins. Several inferencescan be drawn fromthe current

structuralprediction.(i) Spectrinconsistsof mainlyshortamphipathichelices

connectedby _-turnsand nonperiodiccoils(or loops). It is interestingthat thereare

two segments(in repeatsnumber10 and 13) that displaya potential

helix/_-strand/helixstructure. The significanceof these structuresis notclear. (ii)The

sequence homologyof the 106-amino acid-repeats is only partially reflected in the

putative secondary structure. Even theugh most of the hydrophobic residues having

large side chains are situated in the interior of the domain and all but one of the most

highly conserved Trp-ile pairs (at positions 45 and 46 of the 106 residue repeating

unit) are in a helical environment, the boundaries of the domains and seven-helix

motifs in our model do not correspond with those of the repeating units. (iii) The

distribution of amino acids favors antiparallel association of consecutive helices,

leading to the formation of stable domains of three or four helices surrounding a

hydrophobic core. (iv) Domains that contain a fair number of exposed hydrophobic

residues are in the range of inter domain interactions. (v) Both hydrophobic and

electrostatic interactions contribute to short-range inter-domain interactions but only

electrostatic interactions are involved in long-range interactions.

15
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It is importantto point out that the boundaryof our seven-helix motif runs

acrossand showslittlecorrelationwiththe boundariesof the 106 aminoacid repeats.

However, preliminaryanalysisshowsthatthe sequenceof domain! is highly

homologousto the sequenceof domainm (56% similarityand 25% identity). It is

possible,that the looselyconservedsequencehomologyamongthe repeating106-

amino-acidsegmentsof spectdnis designedto preservethe amphipathicityof the

short heliceswhich,in turn, contributesto the formationof stabledomainsof helices

that constitutethe functionalunitsof spectdnelasticity.

The striking differences between the current model and the one previously

proposed by Speicher et al. (22) are the lengthand arrangement of helicalsegments

in the folding units. The helices in our modelare substantiallyshorter than the ones

predicted by the earlier model (13 versus33 residues for the average length of the

helices) and the direction of the helical axes are variable with respect to both the

direction of the molecule and the plane of the lipid bilayer, it is conceivable that some

of the shorter segments might not be energetically stable as an isolated helix, but, the

energy of stabilization of the domains and motifs as a whole should favor the

formation of those short amphipathic helices. Moreover, even though the helices are

depicted through out our discussion as helical wheels projected down the helix axis,

the actual direction of the helices could be significantlydeviated from 90° to the plane

of the bilayer. Whether the procession of helices wraps around a central axis while

propagating down the sigmoidal course, a prerequisite for a coil-coil interaction with
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the 13subunit as suggestedby McGoughand Josephs (51),cannot be addressed at

thisstage.

Our modelpredictsthat mostlysineand arginineresiduesare involvedin both

intra-and inter-domainsalt bridgeformationin a rathercondensedstructureand thus

are inaccessibleto trypticdigestion. This may explainthe resistanceof spectrinto

trypsindigestion. Our model is alsoconsistentwithresultsfrom alteredtryptic

digestionpatternsresultingfrom naturallyoccurringmutationsin patientswith

hereditaryanemia (26,27). For instance,insertionof leucinebetweenpositions153

and 154 in spectrinof patientswith hereditaryelliptocytosis(26) shiftsthe

amphipathicityof helixVIII by placingtwo positivechargesin the hydrophobicregion

of domain]3I,which may destabilizeand perhapseven leadto the rearrangementof

domainrn. Sincedomain 1II is immediatelyadjacentto Arg137at the beginningof helix

VII, such destabilizationmay renderthis residuesusceptibleto trypticdigestion.

Furthermore, substitutions of Pro for Leu2_ or Serz61(27)at a tight 13-turnbetween two

antiparallel helices would disrupt hydrogen bonding in the turn and render Lys257at the

end of helix X.Ususceptible to tryptic digestion. Finally, substitution of Gin at position

471 by Pro (27) would disrupt helix XXE[ and render Arg_*at the beginning of the

helix susceptible to trypsin. It is interesting that all trypsin sensitive-sites (including the

lysine residues at positions 6, 16, and 601 and Arge of _ domain) and the

aforementioned tryptic sites in abnormal spectrins are all located at the bottom of the

model depicted in Figure 4. This suggests that the associationbetween the c¢-and 13-

17



subunitsoccursthrough interactionof the _-subunit with the upper half of the

molecule.

Recently, an elegant studyby W. T. Tse and coworkers(52) showedthat a

point mutationcloseto the C-terminalof the l_-spectringene resultedin a change in

the trypticsusceptibilityof Lys_ inthe _ domain. It is possiblethat the singleamino

acid substitution(Ala_=°_--->Pro) may notonlydisruptthe foldingof the last four-helix

domain in the I_-spectrin(unpublishedresults)but also alterthe three-dimensional

structureof the first seven-helixmotifin the o_-spectrinresultinginthe exposureof
I

Lys=_ that wouldotherwisebe buriedinthe crevicebetweenthe firsttwo domains in

c_-spectrin.

Even though our model is self-consistentand compatible with existing data on

the physical and chemical properties of the spectrin, questions remain as to the
I

accuracy of our structural predictions. A small number of Arg and Lys residues in the

o_Idomain that are predicted to be in flexible regions at the bottom of the molecule

should be, according to our argument, susceptible to tryptic digestion but, in fact,

remain intact after mild tryptic digestion. It is easy to argue that uncertainty in the

prediction of the position of helices could be as much as three residues, which can

explain the trypsin resistance of Lys or Arg residues in some of the shorter turns.

However, most of the trypsin-resistant cleavage sites are in relatively long flexible

loops. One plausible explanation is that minor structural components such as Clo or

18



helicesmight exist in those long flexible regionsand alter the accessibilityof the

susceptibleresidues;or, we might haveover-or under-predictedthe numberof

helicesresultingin an inversionof portionsof the model. However,if ourassumption

is correct that chargedistributionand amphipathicityof the helicesgovernsthe folding

of spectdn, the general principleof the foldingpatternand the dynamicpropertyof the

predictedmodel shouldprevaileven if the directionof some of the helicesare

reversedand the residuesin contactare differentfromthe residuespresentedin

Figure4. Finally,associationwiththe 13-subunitmay imposeadditionalfine tuningon

the structureof the _-spectrinwhichcan notbe foreseenwithoutdetailedanalysisof

the interactionbetweendomainsandwithoutbetterunderstandingof the natureand

locationof interactions.

Spectrin is the most extensively characterized member of a gene family that

codes for high-molecular-weight proteins in a variety of cells. This family of proteins

plays important roles in the organization, stability, regulation, and assembly of plasma

membranes (for review, see reference 15). Increasing evidence suggests that spectrin

adapts its diversified yet interrelated functions through specific interactions with both

cytosolic and integral membrane proteins at different sites throughout its sequence. It

is important to understand the structure of spectrin in order to delineate the

mechanism by which this multivalent macromolecule exerts its function through

intramolecular as well as intermolecular communications. Unfortunately, despite the

wealth of information on the biochemical and biological properties of the molecule,



structuralinformationof spectrinremainsscarce,mainlybecause of its large molecular

mass and highflexibility.As a result,structuralinterpretationof biologicalfunctions

must rely mainlyon molecularmodelsderivedfrom the generalprinciplesof protein

folding. We have presentedherea testable modelwhichisconsistentwith most, if

not all, of the existinginformationon spectrinmoleculesand providesa structural

basis for the elasticpropertiesof the redcell membrane. Preliminaryresultsusing

syntheticpeptidesconfirmthe amphipathicnatureof the shorthelices. However,

definitiveproofof the model relieson cleverdesignof peptidesynthesesusingthe

approachof Kaiser(39), Degrado(40),and Kaumaya(41), or the expressionof

selectedregionsof spectrintakingadvantageof currentadvancesin biomolecular

technologies.Both approachesare feasiblewith the currentstageof biotechnologies

and are the majorfocusof many laboratories.
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- FIGURE 1: Electron mlcrographs of spectrln and spectrln containing ..

conglomerates Isolated under different conditions

Ghostswere preparedby hypotoniclysisof washedredcells as previouslydescribed

(hypotonicghosts),or by lysingwashedred cellswith2 mM Saponinin phosphate

bufferedsaline,pH7 (PBS7 ghosts). Left panels: Samplesappliedto EM grids

immediatelyafter separation,Right panels: specimensappliedto gridsafter extensive

dialysisagainst2 mM NaPi (pH 7.5) containing0.5 mM DTT. Bar 50 nm.

Top: Spectrincontainingconglomeratesreleasedfrom PBS7 ghostsby incubationwith

2 mM P-chloromercuriphenzylsulfonate(PCMBS)in PBS7at 0°C.

Middle: Spectdndimersandtetramersreleasedfrom PBS ghostsby highmechanical

pressure(5000 psi)in a Frenchpressat 0°C.

Bottom: Spectrintetramers releasedfrom hypotonicghosts.

FIGURE 2: Composite potential profiles for _-spectrin homologous repeats

The helix (Upper),and _-turn (Middle)potentialprofiletogetherwith

the helicalamphipathicityprofile (Bottom)of humanc¢-spectrinare presentedas 11

double repeatsstartingfrom residuenumber14. Repeat#23 is notincludedin the

alignment.The beginningof each doublerepeatis extended9 residuestoward the

N-terminaland, thus, is overlappedwiththe C-terminalof the preceedingdouble

repeat. Each row in the panel representsa potentialprofilefor a doublerepeat with

cutoffvaluesof 1.0 for c_-helixand 13-turnand0.5 for helicalamphipathicity.
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FIGURE 3: Ulustratlon of typical amphiphathic helices in human erythrocyte .

c_.spectrin.

A. Helicalwheel projectionsof the first four potentialhelicesat the N-terminalof

human(x-spectdn.The arrows in helixnumber! (H1) representthe directionof the

hydrophobicmomentinthe sliding4-residueblocksalongthe primarysequence.

B. Predictedspatialarrangementof the four helicesshownin 3A and potential
_._

interactionsbetween aminoacidsat the surfaceof differenthelices. C. Predicted

packingof the firstseven-helixmotifat the N-terminusof humanc_-spectrin.

The colorcodes for positivelyand negativelychargedresiduesare blue and red,

respectively.While that for hydrophobicresiduesare yellow.A dot in the center of the

helicalwheel indicatesthat the C-terminalresidueof the helixis pointed

towardthe viewerwhile a crossindicatesthat it is pointaway.

FIGURE 4: Predicted superstructural conformation of human erythrocyte

c_-spectrin.

A. The packingof short helices intostabledomainsand the predictedinteractions

among domains in the 80 kDa tryptic domain of spectrin (cddomain) is used as an

example for the prediction of a superstructural conformation for human mspectrin.

B. A simplified diagram of 4A. The circles represent short amphipathic helices

whereas the solid and dash lines represent the flexible segments connecting the

helices (not in proportion to the number of residues in the segment). The ribbon

depicts the general direction of the spectrin molecule. Colors same as figure 3.
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