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ABSTRACT: The different genes that encode mammalian spectrins give rise to proteins differing in their
apparent stiffness. To explore this, we have compared the thermal stabilities of the structural repeats of
brain spectrin subunitsx(l and 1) with those of erythrocyte spectrim(andfl). The unfolding transition
midpoints [m) of the 36all- and Sll-spectrin repeats extend between 24 and’82 with an average
higher by some 10C than that of thexl- and l-spectrin repeats. This difference is reflected in The

values of the intact brain and erythrocyte spectrins. Two of three tandem-repeat constructs from brain
spectrin exhibited strong cooperative coupling, with elevation of Theof the less stable partner
corresponding to coupling free energies of approximately4 and—3.5 kcal/mol. The third tandem-
repeat construct, by contrast, exhibited negligible cooperativity. Tandem-repeat mutants, in which a part
of the “linker” helix that connects the two domains was replaced with a corresponding helical segment
from erythroid spectrin, showed only minor perturbation of the thermal melting profiles, without breakdown
of cooperativity. Thus, the linker regions, which tolerate few point mutations without loss of cooperative
function, have evidently evolved to permit conformational coupling in specified regions. The greater
structural stability of the repeats mll- and fll-spectrin may account, at least in part, for the higher
rigidity of brain compared to erythrocyte spectrin.

Spectrin arose in evolution with the metazoa to meet the now clear evidence of functional specialization of the two
need for structures that strengthen cell adhesions and stabilizenammaliano-spectrins ¢! and all). The all-spectrins,
the plasma membrane against the forces of animal movementvhich are closest in sequence to invertebratspectrins,
(2). The protein also plays a part in organizing plasma are abundant in the cells of complex tissugs They are
membrane signaling complexe$, ). Spectrin occurs as  enriched in such locations as postsynaptic cont&tavhere
an (@), tetramer, specialized for cross-linking actin fila- complexes of signaling molecules reside) and intercalated
ments to membrane constituents. Both theand 5-chains discs (L0, 11) (where forces of muscle contraction are
are largely made up of consecutive triple-helical repeating transmitted). The importance of spectrin in the resistance of
units of ~106 amino acids3, 4); these act in ensemble as tissues to the forces generated by muscle contraction is
spacers between actin-binding domains infhsubunits at evident in all animals; thus, for example, in the worm
opposite ends of the tetramers, and some contain bindingCaenorhabditis eleganspectrin is required to strengthen
sites for proteins such as ankyrin or for aminophospholipids adhesion between the body wall and the muscles beneath it
(5, 6). (12, 13). By contrast,al-spectrin is abundant in enucleate

The number of spectrin genes increased during evolutioned blood cells, where it imparts to the membrane the
with the advent of vertebrates. Invertebrates have one €lasticity needed to survive the rigors of circulatiah 14,
o-spectrin, and ong-spectrin with 16 complete triple-helical 15)
repeats and Aneavy SUbunit with 30 complete triple helices. The functional distinction between the spectrins of mam-
Vertebrates have four genes encoding “conventiofiadtib- malian tissue and erythrocyte is reflected in their physical
units (31—1V) that have 16 complete triple-helical modules, Properties. Spectrin purified from brain (comprising mainly
and ongBreavy Subunit that has 30 triple helicg8\(-spectrin) @l and SlI polypeptides, also known as fodrin) has a stiffer
(1). Mammals have gained an additionatspectrin by and straighter appearance in the electron microscope than
duplication of the pre-existing-spectrin gene?). Thereis  the erythrocytedlfl) spectrin (6—19), and this difference

is also reflected in their hydrodynamic propertid$,(19).
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repeats and two-repeat fragments were subcloned into the
pGEX-4T-2 vector, usingcdrl andSal restriction enzymes
upstream and downstream, respectively. Three diffex&ht
0‘”% 13?;%23 411%35:;1% g”% i?gggg éggiggg spectrin clones23) and human brain cDNA were used to
glle 251-366 7511098 8IIR3 524-643 1570-1929 amplify the requiredull repeats. FollR1, allR2, alIR3,
allR4 357-472 1069-1416fIIR4  634-749 1900-2247 andallR4, the template was clone JS1. FoliR5, alIR6,
allR5 463-578 1387-1734plIR5 740-854 2218-2562 olIR7, andalIR8, the template was Marathon cDNA. Clone
allR6 569-683 1705‘2049ﬁ|lR6 845-960 2533-2880 2.7A was used as a template to ampWR9_10’a||R11’

allR7  674-789 2020-2367fIIR7 951—1067 285+3201 .
allR8  780-895 2338—2685§IIR8 1058-1174 31723522 /IR12, and olIR13. The template used to amplify the

allR9—10 886-1096 2656-32834IIR9 1165-1280 3493-3840  remainingodl-spectrin repeats was cloneDR\. Similarly,
allR11  1087-1238 3265-37051IR10 1271-1385 38114155 three pll-spectrin clones24) were used as templates to

allR12 1229-1344 3685‘4032ﬁ||Rll 1376-1490 4126-4470 amp“fy ﬂ”_spectrin Sing|e repeats and tandem_repeat frag_

allR13  1335-1450 4003-4350 fIIR12 14811597 44414791
WllR14 1441 1556 43214668 BIIR13 1588-1703 47625109  Ments. FOBIIRL, BIIR2, BIIR3, flIR4, BIIRS, BIIRG, AIIRT,

allR15  1547-1663 4639-4989 AlIR14 1694-1810 5086-5430  and SIIR8, the template wag5.1, while for SIIR9 and
allR16  1654-1769 4966-5307 BlIR15 1801-1916 54015748 PBIIR10, it was clonef2.1. Clone$1.20 was the template

allR17  1760-1875 5278-5625 SIIR16 1907-2022 5719-6066 for amplification of the remainingll repeats. The fidelity
g::gig iggg%gg% gg?zgggi of all the c_onstruc_ts was confirmed by DNA seql_Jencing.
allR20  2079-2202 6235-6606 Generation of Linker Exchange Construcks. define the
allR21  2193-2317 65776951 five-amino acid linker region, we used Clustal\&b to align

2 The boundaries of all repeats were defined by the SMART databaseth€ sequences of tandem-repeat fragmemitiR12—13,
(http://smart.embl.heidelberg.de/) with the exception that five amino alR12—13,al3—4, 1IR12—13,5112—13, and319—10 with
acides are extended at both the N-terminus and the C-terminus to ensur¢he sequence of Protein Data Bank (PDB) entry 1S35. PDB
proper folding. The six N-terminal amino acids are from vector entry 1S35 is tandem repediiR8—9, for which the heptad
PGEX-4T-2. repeats and linker region have been defin@@).( The

i ) . . . replacement otlIR12—13 linker GDSHD with the corre-

domains. Having previously found that the repeating units sponding alR12—13 linker NEAQK or alR3—4 linker
of al- and ffl-spectrin vary widely ?n their thermostabilities QATYW was accomplished by site-directed mutagenesis
(20), we were prompted to examine thoseadf- and jll- using the Stratagene QuickChange kit. The same method was
spectrins to investigate the basis of the differences in the ged to replacgllR12—13 linker EEAHR with3IR12—13
gross characteristics of the intact proteins. We have accord-jinker RDANE or BIR9—10 linker RDNLE. All the se-
ingly determined the thermal unfolding properties of each guences were confirmed by DNA sequencing.
repeat ofall- and Sll-spectrin, as well as some constructs Preparation of Recombinant PolypeptidéEie cDNA
comprising selected tandem pairs of repeats, and some withencoding the desired polypeptide was transformed into
mutations in the single-helix uniting them. Escherichia coliBL21. The expression, thrombin cleavage
EXPERIMENTAL PROCEDURES to remove GST, an_d purifica_tion of the polypeptides were
performed as described previousBO). The products were

Materials. Pig brain was purchased from Pel-Freez Bio- dialyzed against phosphate-buffered isotonic saline [buffer
logicals (Rogers, AR). Human brain whole marathon-ready A being 10 mM sodium phosphate (pH 7.4) and 150 mM
cDNA was from Clontech (Mountain View, CA). Sephacryl sodium chloride] and clarified before use by ultracentrifu-
S-500HR, pGEX-4T-2 vector, and glutathion®epharose  gation at 230009 for 30 min at 4°C. Protein concentrations
4B were from Amersham Biosciences (Piscataway, NJ). of the polypeptides were determined spectrophotometrically,
Protease inhibitor cocktail sets Il and Il were from Calbio- using calculated specific absorptivitie®7].
chem (San Diego, CA). pET-31bj vector and nickel resin Mass Spectrometric Analysis and Sedimentation Equilib-
were from Novagen (Madison, WI). The QuickChange site- rium. Mass spectrometric analyses were performed using an
directed mutagenesis kit and BL21(DE3) bacteria were from Applied Biosystems (ABI, Foster City, CA) Voyager DE
Stratagene (La Jolla, CA). Restriction enzymes were from MALDI mass spectrometer. Spectrin polypeptide-(D «M)
New England BioLabs (Beverly, MA), reduced-form glu- in low-salt solution was mixed with equal volume of a 10
tathione, thrombin, IPTG, DFP, and PMSF from Sigma (St. mg/mL 3,5-dimethoxy-4-hydroxycinnamic acid solution
Louis, MO), and SDSPAGE and electrophoresis reagents (Sigma). One microliter of each mixture was spotted onto
from Bio-Rad (Hercules, CA), and GelCode staining reagent the MALDI plate. Spectra were calibrated against bovine
was from Pierce Biotechnology, Inc. (Rockford, IL). Human serum albumin or myoglobin as an external standard.
erythrocyte and pig brain spectrins were purified by the Sedimentation equilibrium of all products in isotonic buffer
methods of Tyler et al.21) and Davis and Bennettl9), A was performed in a Beckman Coulter ProteomelLab XL-A
respectively. analytical ultracentrifuge, as described before. The rotor

Design and Subcloning of Recombinant Brain Spectrin speed was set at 20 000 rpm, and the equilibrium distributions
PolypeptidesThe boundaries of all repeats were defined by were scanned at 280 nm. A good fit to a monodisperse ideal
the SMART database2®). The design of albll- and Sll- model was obtained in all cases.
spectrin single repeats and tandem-repeat fragments followed Circular Dichroism Spectra and Thermal Unfoldirfgar-
that foral- andSl-spectrin fragments20). The residue num- UV CD? spectra and temperature-induced unfolding were
bers of all sequences are given in TablellR14, allR18,

BIIRY, and SlIR11 were subcloned into the pET3Ho( 1 Abbreviations: CD, circular dichroismT,, (degrees Celsius),
vector, usingNSi and Xhd. All other brain spectrin single  thermal denaturation midpoint.

Table 1: Information aboudll- and gll-Spectrin Single Repedts

name amino acids nucleotides name amino acids nucleotides
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Ficure 1: (A) Typical thermal unfolding profiles, measured by circular dichroism at 222 nm, corrected for linear changes above and below
the sigmoidal unfolding transition, of expressed single repeatdlefpectrin. The curves, from left to right, show unfolding of repeats 12,
4,13, and 1. (B)l,, values of all repeats along tlel-spectrin chain. The horizontal line corresponds to the physiological temperature. The
scale on the right shows the approximate free energy of unfolding of the repeatS@taBid applies also to th&chain repeats in panel

D. (C) Typical thermal unfolding profiles for single repeats/f-spectrin, corrected as described above. The curves, from left to right,
show unfolding of repeats 13, 9, 12, and 10. () values of all repeats along tlf#l-spectrin chain.

performed as described previousBOJ. To determine the  rium profiles, measured by the temperature dependence of
melting profiles, the ellipticity at 222 nm in buffer A was circular dichroism at 222 nm. Panels A and C of Figure 1
recorded at temperature intervals o’@. The data were  show representative corrected unfolding profilesitif and
corrected for the linear changes above and below the sigmoidgli-spectrin repeats, respectively. Panels B and D display
melting transition and expressed in terms of fraction un- the stability distribution of the repeats, in terms of the denatur-
folded. Coupling free energies, representing the conforma- ation midpoints T, along theall- and Sll-spectrin chains.
tional stabilization of one repeat in the tandem-repeat These reveal appreciable differences from the corresponding
fragments by the other, were derived from van't Hoff plots results for erythrocyte spectri2@). (1) Whereas eight of
of the corrected melting profiles of the isolated repeats and the 36 isolated repeats of the latter are more than 50%
the lower-melting phases of those of the tandem rep88Js (  unfolded at physiological temperature, there are only four
The approximate free energy of unfolding of various single repeats of such low stability inll/ fll-spectrin. (2) While
repeats at 37C was also calculated as described previously the T,, values of erythrocyteal/fl-spectrin repeats  lie
(20). between 21 and 72C, those ofall/ fll-spectrin range from
25 to 81°C (3). The T, averaged over all isolated repeats is
higher by some 10C in all/gll- than in al/gl-spectrin (55.5
Recombinanll- and lI-Spectrin PolypeptidesTable 1~ @nd 46°C, respectively). The relationship between e
lists the boundaries of thell- and Bl1-spectrin repeats. The ~ @nd the approximate free energy of unfolding of the repeats
fragments, expressed as GST fusion constructs, containedt 37°C is also shown in panels B and D of Figure 1. Itis
six additional amino acids from the vector at their N-termini. aPpproximate only because the relation betw&gandAG*®
Mass spectrometry confirmed that all had the expected at the reference temperature (32) is not fixed inasmuch
molecular mass, and sedimentation equilibrium showed themas it varies with the enthalpy of the unfolding transition.
to be monodisperse and monomeric in all cases. Circular Temperature-Induced Unfolding of Tandem-Repeat Frag-
dichroism spectra were characteristic of polypeptide chains ments. The thermal unfolding profiles of tandem-repeat
with high a-helicity. fragments of erythrocyte spectrin demonstrated varying
Temperature-Induced Unfolding afl- and flI-Spectrin coupling, with stabilization of the less stable unit by the more
Single RepeatdVe expressed and purified alll- and SlI- stable unit 20); in all the cases that we examined, however,
spectrin repeats and measured their thermal stabilities. All the biphasic character persisted, showing that cooperativity
the repeats gave rise to typical sigmoidal unfolding equilib- was by no means complete. Here we have examined the

RESULTS



Brain Spectrin Thermal Stability Biochemistry, Vol. 45, No. 45, 20063673

A puro-10 B puoriz13 C omriz-13
| ® measured oggm«m-es
= 10- @ measured 0o =1 ® measured 000ggRaa0000%e o®
5 .-:o° e =1 O calculated ¢
= 0.8~ O calculated oo o © calculated C .
] 0.6 1 050883858380 - °o°°°oo... oooooo"noo
g 0.4 5 na T ooo o. coo -
;3 _ 08 - o [ N co .
2 0.2 8 2. o o
= 0.0 ouooonocaooooeﬂag o 0000600000830esessss® MS.TMI. 1 1
T T T T T T T T
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Temperature (°C) Temperature (°C) Temperature (°C)

Ficure 2: Thermal unfolding profiles of tandem-repeat constructs fodinand Sll-spectrin chains. (A) Fragment comprising repeats 9

and 10 ofgll-spectrin. (B) Fragment of repeats 12 and 135tifspectrin. (C) Fragment of repeats 12 and 13udifspectrin. All curves

are corrected for linear slopes above and below the transition. Filled circles are observed data; empty circles are calculated for independent
unfolding of the two repeats. Note the strong cooperativity of melting of the constituent repeats in panels B and C, while there is no
perceptible coupling of the repeats in panel A.
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Ficure 3: Thermal unfolding profiles of two-repeat fragments of brain spectrin with mutated linker regions. (A) Fragment comprising
repeats 12 and 13 of thell chain: wild type (=), substituent linker ofxl-spectrin repeats 12 and 1®), and substituent linker of.l-
spectrin repeats 3 and @), (B) Fragment comprising repeats 12 and 13 of Hechain: wild type (), substituent linker ofl-spectrin
repeats 12 and 13®), and substituent linker gfl-spectrin repeats 9 and 1@). Note that in no case do the substitutions cause any
perceptible loss of cooperativity.

unfolding of three tandem-repeat fragments of brain spectrin, Contribution of the “Linker” Region to Cooperatity.
allR12—-13, fIIR9—10, andpliR12—13. (Two additional MacDonald and Cumming29) have inferred from second-
such fragmentsBliIR10—11 and 8IIR11-12, were also  ary structure predictions by two methods that th&elical
prepared, but problems of aggregation vitiated the quality propensities of sequences (linkers) of five residues at the
of the data, which we did not attempt to analyze.) The center of thex-helix uniting adjacent repeats of erythrocyte
fragments were chosen to embody two folding units differing spectrin govern the conformational stability of the tandem-
most widely in stability, as seen in Figure 1, and affording yepeat fragment. To determine whether the properties of the
the best reflection the_ref_ore _of cooperativity. As Figure 2 o tandem repeata{IR12—13 andglIR12—13) that we
shows, th_e cooperativity is m|n|rr_1al in one of the fragments have found to display strong cooperativity are affected by
but large in the other two. Thus, in bqﬂthlZ—lS_(ngre the nature of the linker, we prepared two mutants of each.
2B) andallRlZ—lSl('ngre 2C), the confo'r.matlon .Of the In allR12—13, the sequence in question was replaced with
repeat of lower stability is substantially stabilized by interac- the corresponding residues afR12—13 and ofalR3—4:

tion with its more stable neighbonl values of ca. 16 in BIIR12—13, the linker residues were replaced with the

and 19°C, respectively). The corresponding coupling free . B -~
energies could be readily calculated as described previouslyanalo_gous residues fropiiR12-13 and fIR9—-10. The :
(20), most usefully at thd;, of the less stable repeat in its substituents were chosen because all the erythrocyte spectrin

isolated state (where its unfolding free energy is zero), and tandem-repeat fragments from which they were derived
were found to be ca-4.4 and—3.5 kcal/mol forplIR12— display only weak to moderate cooperativig0). As Figure

13 andallR12—13, respectively. In the case $fl12—13 3A shows, the substitutions have relatively small effects on
(Figure 3B), there is evidence (besides the large stabilizationthe unfolding profiles, although that of the erythroitR12—

of the conformation of the less stable repeat) of a small but 13 linker causes a discernible increase in stability, with no
distinct stabilization of the more stable repeat by the attached!oss of cooperativity. The erythro@IR3—4 linker engenders
unfolded repeat. This is not in itself remarkable and indeed in addition a perceptible increase in cooperativity. Again
has been reported before for a similar fragmentl(6—17) (Figure 3B), the substitutions caused no major perturbation
of chicken brain spectrin2@). of the unfolding profiles of3l112—13.
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Ficure 4: Agadir analysis of the helical propensity of triple-helical pairs. The figure shows predictions of helical propensity for the indicated
paired spectrin repeats: chickarspectrin repeat 1617 (from the sequence given in PDB entry 1U4Q), hum#R7—8, humanalIR12—

13, human$IR9—-10, humanSllR9—10, and humarBliR12—13. The sequence corresponding to helices A, B, and C of the repeats is
indicated as well as the linker (L) sequence.

MacDonald and Cumming29) suggested that the sec-
ondary structure of the linker regions dictates the stability
of folding in pairs of adjacent repeats. They also noted a
partial breakdown of cooperativity when the linker region
was predicted not to be helical, but this was not a large effect, <
because in no cases, whether the denaturing agency was hea
or urea, were separate melting phases observed. MacDonaIgE
and Cummings used for predictions first the DSC routine
(30), which failed to predict correctly the structure of one
linker that had been determined by crystallography, and
second the PSIPRED routing1), which delivered the
correct answer. Since our data indicate that the relationship
between cooperative coupling and linker sequence is more
complex than the predictions of MacDonald and Cummings
might suggest, we sought alternative means of investigating ) _ _ )
it. We made sequence alignments of highly cooperative andg'rf(;J:‘hEef’éuLhrﬁggi'q glft‘ifr‘])édr')rr‘gfﬁ’éoc‘;'f'leo;'rr]‘é?gggg'.sg‘acﬁgr}igt)
weakly COOpe.rat.Ive pairs from multlple organisms, and W€ order derivatives forul ll-spectrin () and alpl-spectrin (- - -)
also ran predictions of the propensity of the sequences ingre also shown.
the tandem pairs to formu-helices, using Agadir 32).

Inspection of the multiple-sequence alignments disclosed nobetween triple-helical repeats have evolved to allow or
motifs or characteristic arrangement of types of amino acids exclude cooperative coupling as required.

that distinguished the different classes of pairs (Figure 4). Intact Brain SpectrinThe denaturation profile of the pig
Likewise, Agadir gave no consistent indication of the brain spectrin tetramer is shown in Figure 5. This demon-
contribution of helical propensity either in the linker or in  strates, first, that there is extensive cooperative coupling
the helices that it joins. between many of the repeats along the brain spectrin chains,

At present, we cannot envisage any mechanism that mightsince unfolding occurs much more sharply than would be
allow the linker to engender cooperative folding between calculated by merely summing the profiles of all individual
repeats. Batey et al28) showed that mutations in the linker  repeats and, second, that the thermal stability of brain spectrin
sequence can eliminate coupling. The only conclusion thatis greater than that of erythroid spectrifi;(values of 49.5
seems compatible with all available data is that linkers and 58°C, respectively). We have assumed that the result

— ooogldod
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for the brain spectrin tetramer will hold good also for the one end of the dimei3(7)] promotes cooperative unfolding.
human protein, in view of the high degree of sequence Constructs ofull- and Sll-spectrin, other than those contain-
conservation in mammalian specié&d. ( ing the corresponding four repeats, show, like those of the
ol- and gl-proteins (8), little interaction in vitro (unpub-
lished data in this laboratory). At the same time, the greater
average structural stability along the array of repeats in both
" brain spectrin chains, even if a few partly unfolded in the
low-temperature range at the foot of the melting profile, must
be expected to reduce the incidence of conformationally weak
regions. The asymmetry apparent in the derivative curve in
Figure 4 suggests that there is some clustering of stable and
ess stable repeats in the chains, and/or of regions in which
ooperativity is greater or smaller. The data we have

DISCUSSION

We have shown that the individual brain spectrin repeats
like those of erythroid spectrin, exhibit a wide range of
thermal stabilities. The extent to which the low stability of
certain repeats, such aslIR12 andpIIR11, which are
substantially unfolded at 37C (Figure 1), impacts the
hydrodynamic flexibility of the intact protein remains
uncertain as a consequence of the extensive (though varying

stabilizing interactions between successive repeats along th
chain. Thus, the tandem-repeat constrdetR9—10, shows
little interaction between its constituent parts, whereas in

epresented for the entire range of repeats should assist in the
selection of chain elements for further study.

PIIR12—13, the free energy of coupling at tfig, of the REFERENCES
isolatedBIIR13 is some 4.4 kcal/mol. Even here, however, _ _ _
the shape of the unfolding profile indicates that cooperativity ~ 1- Bennett, V., and Baines, A. J. (2001) Spectrin and ankyrin-based

is incomplete, for the perceptible shoulder in the region of
the midpoint reflects a significant weight of the half-unfolded 2
form. This contrasts with the tandem repediR16—17 of

chicken spectrin, which by this criterion exhibits completely 3

cooperative melting28). We cannot of course, on the basis
of a circular dichroism profile alone, exclude small deviations
from two-state behavior which, for instance, comparison with
a fluorescence-based profile can reves)(

Law et al. 83, 34) have demonstrated that some triple
helices can be unfolded under physiological conditions by

an applied pulling force, well within the range of the shearing &

forces encountered by the red cell in the circulation. Law et
al. (34) have also shown that the magnitude of conforma-

tional coupling in forced unfolding diminishes with an 7.

increase in temperature. As an extreme example of this, the
five-repeat fragment of erythrocyte spectfilR5—9 loses

resistance to pulling in the atomic force microscope in two 8.

of its constituent repeats (R®) below 37°C (20). The
resulting local extension of a repeat te-8 times its folded
length must be supposed to occur reversibly in red cells in
the circulation.

Our data reveal major evolutionary adaptations between
al- and all-spectrins. Theal-spectrin confers on the
erythrocyte membrane the elasticity required for survival in
the circulation. It has six repeats withTg, at or below 37
°C (20). These repeats exhibit substantially incomplete
conformational coupling with their neighbors. By contrast,
all-spectrin has only one repeat withTa below 37°C, and
this is conformationally coupled to R13 so that tléR12—

13 pair has a, substantially higher than 37C.

What remains to be considered is the structural basis for
the much greater stiffness of brain spectrin compared to
erythroid spectrin, apparent from its hydrodynamic properties
(16, 19) and its appearance in the electron microscdge-(

19). Figure 4 shows that brain spectrin also has the greater
thermal stability, as previously observed by Di Stasi et al.
(35) for bovine brain and erythrocyte spectrins, and also
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