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ABSTRACT. On the basis of sequence homology studies, it has been suggested that the association of human
erythrocytes and spectrin at the tetramerization site involves interactions between helices. However,
no empirical details are available, presumably due to the experimental difficulties in studying spectrin
molecules because of its size and/or its structural flexibility. It has been speculated that erythrocyte
tetramerization involves helical bundling rather than coiled coil association. We have used recombinant
spectrin peptides to model and s spectrin to study their association at the tetramerization site. wo
peptides, Spl—156 and Sp.1—368, and ong peptide, Sp1898-2083, were used as model peptides to
demonstrate the formation of tlg complex. We also found that the replacement of R28 in15{368

to give Sm1—-368R28C abolished complex formation with the@eptide. Circular dichroism techniques
were used to monitor the secondary structures of the individual peptides and of the complex, and the
results showed that both &b—156 and S1898-2083 peptides in solution, separately, included helices
that were not paired with other helices in the absence of their binding partners. However, in a mixture of
Spol—156 and SP1898-2083 and formation of theys complex, the unpaired helices associated to
form coiled coils. Since the sequences of these two peptides that are involved in the coiled coil association
are derived from a native protein, the information obtained from this study also provides insight toward
a better understanding of naturally occurring coiled coil subunit-subunit association.

Sequence homology studies of spectrin from human 14). o andf spectrin associate at the N-terminal end of the
erythrocytes suggest that itg3 subunit association at the S and the C-terminal end of thesubunit (dimer nucleation
tetramerization site involves helical bundlingy<4). Since site) with high affinity (nanomolaKy values} to give o8
the sequences of the suggested helices at the tetramerizatiohetero-dimers 5, 16). It has been suggested that spectrin
site exhibit a general pattern of heptad repeats found in coileddimers associate to form spectrin tetramers, with association
coils, it is possible that the suggested helical bundling at the site at the other end of the dimers, involving two sets of
tetramerization site involves coiled coil subundubunit identical, low-affinity (micromolarKy values) interactions
association. Thex-helical coiled coil interaction is one of  between the N-terminal region of tleesubunit (tN) of one
the most common, and probably the simplest, subunit of dimer and the C-terminal region of thesubunit $C)
subunit association in protein§, (6). However, the three-  in another dimer to give an¢p3), tetramer 2, 3, 17, 18).
dimensional structures of erythrocyte spectrin are not known. Sequence homology studies predict that about 30 residues
Spectrin is a protein ubiquitous among vertebrate tissues andat thisaN region, prior to the first structural domain, fold
has been identified in a variety of organisns-(L1). It is into a helical conformation; likewise, about 60 residues in
believed that all spectrin molecules share certain generalthe3C region, following the last structural domain, fold into
properties such as structural domain conformation, and yet,two helices 2—4). These one or two helical regions are
each exhibits specific properties that are important for its termed partial domains. Thus, it is logical to assume that
specific functions. Thus, structural and functional studies of the dimer to tetramer formation involves interactions between
human erythrocyte spectrin at a molecular/atomic level will these partial domains2¢4, 18—20), and it has been
improve our understanding not only of erythrocyte spectrin speculated, based on chicken brain spectrin studies, that
but also of spectrin isoforms as well as coiled coil subtdnit  erythrocyte spectrin tetramerization involves helical bundling,
subunit association in native proteins. but not coiled coil associatioi8). However, there are little

Both a and 8 subunits of human erythrocyte spectrin experimental data to substantiate the structures predicted by
consist of multiple homologous sequence motifs, with each sequence homology studies in human erythrocyte spectrin
motif presumably folding into a three-helix coiled coil or to compare the erythrocyte spectrin structure with the
domain with a structure similar to the structures determined structures fromDrosophilaor chicken brain spectrin. The
for Drosophilaspectrin (2) and chicken brain spectrii8, oN/BC association in spectrin is currently not well under-
stood. Yet, mutations affecting this association lead to
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abnormal erythrocyte®). In addition, brain spectrin appears 1898 to 2083 (Sf1898-2083). The DNA fragment was
to exhibit aN/SC interactions that differ from those found ligated into theBamH| and EcdRl sites of a modified
in erythrocyte spectrinl@). glutathione-S-transferase (GST) expression vector pGEX-
We have prepared a number of recombinanspectrin 2T (Amersham Pharmacia Biotech, Piscataway, NJ).
model peptides of different sizes, with sequences from the Spol—156, Sp1—368, Spl—-368R28C, and SHL898-
oN-terminal region of erythrocyte spectrin, and have shown 2083 were cleaved by thrombin from GST fusion proteins
that recombinant peptides with multiple domains are more following standard laboratory method32). As part of the
stable than the peptides with a single domaih 22). Others thrombin recognition sequence, Gly-Ser remained as the first
have also published similar finding23, 24). However, the  two residues in all peptides after thrombin cleavage. Peptide
smaller peptide, Spl—156 (a peptide with a sequence identity and purity were checked by polyacrylamide gel
consisting of the first 156 residues dnspectrin) associates electrophoresis and mass spectrometry using electrospray
with § spectrin just as well as the larger peptideo$p ionization techniques. Protein concentrations were deter-
368 (a peptide with a sequence consisting of the first 368 mined with absorbance values at 280 nm, using extinction
residues) 20). Both peptides associate with spectrin coefficient values determined from the primary sequence
isolated from human red blood cells in a manner very similar (http://www.expasy.ch/tools/protparam.html; 16 500 €ém
to that found in intactx and3 spectrin, with 1G, values of M~? for Spnl—156, 50 070 cm* M~* for Spnl—368 and
0.2-0.3uM. Thus, both Sp1—156 and Sp1—368 can be  Spn1—368R28C and 31 010 criM~* for Sp31898-2083).
used asx spectrin model peptides for functional studies. In  Spx1—156/SP1898-2083 ComplexOur standard solid-
this study, we also prepared a mogeabeptide, SB1898— phase assay usirtgfl-labeled peptides was applied to study
2083 (a peptide with the sequence of residues +Z9B3 the affinities between $pl—156 and SB1898-2083, fol-
in 8 spectrin), and found that it associated with thepectrin lowing our published method2(). In addition, to monitor
model peptides at a micromolar concentration range. Thus,the peptide association qualitatively, native polyacrylamide
Sp31898-2083 is a functional model peptide fBrspectrin. (6%) gel electrophoresis of §f—156, Sm1—368, Spl—
We used thesax and 8 model peptides to study their 368R28C, and $$1898-2083 samples and of their mixtures
association with each other in order to understarehd 3 (with about 25«M o peptide and 5@M S peptide, incubated
spectrin association at the tetramerization region. Our circularfor 16 h at 4°C) was carried out in a 40 mM Tris buffer
dichroism data provided experimental evidence to suggestwith 20 mM sodium acetate and 2 mM EDTA at pH 7.4,
that their association involved coiled coil interactions. A following published procedures3®), with the following
peptide that appears to be similar tg33896-2083 has been = modifications. The slab gel dimension was ¥2100 mm
used by others1@, 25) under somewhat different buffer and 0.5 mm thick, and the gels were run at 100 V for only
conditions, and some of their conclusions differ from ours, about 70 min at either 4 or 28C, with a change of buffer
as discussed below. Since our peptides, and thus the helicesvhen the bands were halfway to prevent pH drift.
involved in coiled coils interaction, were derived from In our previous studies of binding affinities usitf§ solid-
sequences of a native protein, this study will also provide phase assay(), we have found that, for the association of
information for coiled coils interaction in other native Spol—368 ands spectrin, the,, was found to be about 10
proteins. In native proteins, the heptad repeat sequences irh™%, andt.s was>6 h for the majority (80%) of the sample.
the helical region may not necessarily follow the critically to for the other 20% was-10 min 0). Thus, our standard
matched hydrophobic and hydrophilic sequence patterns andncubation time ofa. and S peptides was 16 h, assuming
interactions 26) found in many de novo designed peptides that thes peptide is similar tq3 spectrin, and the electro-
used to study coiled coil associatiof, (27—30). The phoresis was done in a time interval shorter than 6 h.
interactions between these “nonideal” but native coiled coils  Circular Dichroism.Circular dichroism (CD) samples of
are not as well studied as those in de novo designed peptidesSpol—156 (about 1QuM) and Sg1898-2083 (about 10
yet these interactions may be functionally significant. For uM) peptides and of their equimolar mixtures (each about
example, relatively unstable coiled coil interactions have been 10 uM) were in 5 mM phosphate buffer with 150 mM NacCl
found to be essential for optimal mechanical performance at pH 7.4 (PBS7.4). All samples with and without either 60%

of smooth muscle myosir3(). 2,2,2-trifluroethanol (TFE, from Fischer Biotech) or different
concentrations (86 M) of urea (Fischer Biotech) were
MATERIALS AND METHODS incubated at 4°C for about 16 h prior to CD measure-
ments.
Spectrin Recombinant Peptidd$e peptides Spl—156, CD measurements were performed on a JASCO 710 CD

Spnl1—368, and Sp1—368R28C were prepared as before spectrometer, using a thermostated cell with 0.1 cm path
(20). The three cysteine residues at positions 167, 224, andlength either at 25C or from 25 to 40°C with a 2°C

324 in Sm1—-368R28C were replaced with alanine. For the increment and from 40 to 8TC with a 5°C increment. The

S spectrin peptide, the cDNA encoding the C-terminal region spectra were obtained at 0.5 nm resolution from 190 to 250
of the § spectrin subunit was used as a template for the nm. Spectra of PBS7.4 buffer under similar CD conditions
polymerase chain reaction, usiiju (Stratagene, LaJolla, were used to correct spectral baselines of the samples.
CA) as the DNA polymerase. A primer containing the Ellipticity (8, deg) values from CD spectra were converted
sequence corresponding to residues 18%&08 in thep to molar residue ellipticity @], deg cn® dmol™') values.
spectrin, in a sense orientation, and a primer containing theHelical contents were calculated from values of the amide
sequence corresponding to residues 2283, in an nz* transition at 222 nm ({,27]), using a value of-36 000
antisense orientation, were used to provide the DNA fragmentdeg cn? dmol to represent 100%:. helical content 34—

for a peptide with the sequence @fspectrin from residues  36).



Molar residue ellipticity values of thex* transition at 1 R s
208 nm (P2og)) were also calculated, and th@p2)/[ 020g “
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ratios were obtained. . '
RESULTS e

Is' 6 7
Peptide CharacterizationSDS-PAGE results indicated

that the peptides $1—156 (with electrophoretic mobility 052 052 027 032 031 052 gg_f
corresponding to a molecular mass-e17 kDa), Spl—

368 and Sp1—368R28C 43 kDa), and S1898-2083 Ficure 1: Native polyacrylamide gel (6%) electrophoresis of
(~22 kDa) were at least 95% pure. Molecular masses from iggiﬁgﬂepfftgff’—§§§T@fg',%i%%%%?ﬁ%ﬂfé),%&i:
electrospray ionization mass spectrometry were 18.67 kDa156/Sg1898-2083 at a 1:2 molar ratio (22,8/44.3 uM) (lane
for Spn1—156, 42.93 kDa for Spl—368, 42.80 kDa for 4), Sm1—368/SB1898-2083 at a 1:2 molar ratio (24:4M /48.8
Spnl1—368R28C, and 22.04 kDa for 8p898-2083 and #M) (lane 5), Sp1—-368R28C (lane 6), and 81—368R28C/
were within 0.1% of the theoretical molecular masses (18.67, SP#1898-2083 at a 1:2 molar ratio (25/5(M, or about 2ug each)

. (lane 7). All samples were incubated at@ for 16 h. Gel running
42.94, 42.84, and 22.04 kDa, respectively)a$p156 and  ptter contained 40 mM Tris, 20 mM sodium acetate, and 2 mM

Spnl—368 and Sp1-368R28C, but not $§1898-2083, EDTA at pH 7.4. Prior to loading, 4g of each sample was mixed
have been characterized previoug9)( For S$1898-2083, with 1 uL of the loading buffer (7.75 mL of gel running buffer
the DNA fragment inserted into the pGEX-2T vector was and 1.25 mL of 1% solution of bromophenol blue, 3.5 mL of water
sequenced to confirm the positions of the start and stop 2nd 12.5 mL of glycerol). The gel was run af@ with 100 V for

. . 70 min, with a change of buffer when the bands were halfway to
codons and also the entire sequence of the peptideaThe prevent pH drift. The gels were then soaked in a fixing solution

helical content from CD analysis of Bp898-2083 was  (40% methanol, 10% acetic acid, and 0.01% bromophenol blue),
~55%. This value was similar to 831—156 0) as well as for 30 min, and then transferred to a staining solution (10% acetic
to those obtained for other spectrin peptides of similar size acid, 0.01% bromophenol blue) and soaked for 60 min. Before

. : visualizing, the gels were destained in 7% acetic acid for 30 min.
\(ligils;g)l,dseltjjggesnng that the Bp898-2083 peptide was also The total amounts of protein loaded in each lane were all about 4

ug. Ry values are shown at the bottom of the gel. The emergence
Spl—156/Sp1898-2083 ComplexThe?d solid-phase of bands with newR; values in lanes 4 and 5 demonstrates the

assay yielded a mean 4§value of 0.14+ 0.04uM for the association ofo. and 8 spectrin peptides in the mixturesf

_ ) complex). The appearance of thepeptide band with af value
Spol—156/S$1898-2083 complex. The 16 values ob of 0.52 in lane 7 shows that the mutant peptided(E5p368R28C)

tained for Sp1—156 and Sp1—368 with intact spectrin did not associate with thg spectrin peptide under these concentra-

was about 0.3(M (20). tion conditions.
Native gel electrophoresis data at@ (Figure 1) showed o _ _ .
the migration pattern of samples containingi$pg-156 (lane Similar . and § peptide mixtures were prepared with

1), Sp1—368 (lane 2), and $11.898-2083 (lane 3) pep- Spaul—368 replaced with Spl—-368R28C. Two separate
tides, withR; values of 0.52, 0.52, and 0.27, respectively. bands withR values of 0.30 and 0.52 were observed in this
The mass-to-charge ratios obtained from sequence informa-smixture (lane 7). Thus, no association betweerand 3
tion were similar for Sp1—156 (1.7) and Sp1—368 (2.3)  peptides was observed for &p-368R28C and ${1898-

but larger for SP1898-2083 (4.4). Thus, it was not 2083 at a micromolar concentration range. SincedSp

surprising to find that the measuré values for Sp.1— 368R28C had three intrinsic cysteine residues replaced with
156 and Sp1—368 bands were similar and were larger than alanine residues, we also replaced these three cysteine
that of SP1898-2083. residues in S@1—368 with alanine residues and found that

In mixture samples with limiting: peptide concentrations  this cysteine-less peptide andlp-368 associated with the
(containing about 2&M o and 50uM S peptides), the band p peptide in a §|m|lar manner (data not shown). Thus, the
corresponding to thex peptide disappeared (either with ack of association of Spl—368R28C with S§1898-2083
Spol—156 as thex peptide in lane 4, or with Spl—368 as was not due to the removal of cysteine residues in the
the o peptide in lane 5), and only one band wRhvalues structural domains but due to a specific replacement of
of 0.31-0.32 appeared, suggesting that this was the bandardinine at position 28 with a cysteine residue in$p
for the o complex and the nonreacting peptide in the
mixtures. Results of gels run at 4 and 25 were similar. CD Studies of Spl—156 and Sf1898-2083 Peptides.
Since the concentration of thepeptide was limited in the ~ The CD spectra of Spl—156 and S1898-2083 peptides
mixture samples, about 99% (24.7#) of the o peptides exhibited characteristic features afhelices, with minima
was estimated to be in the associated state, using the IC at 222 and 208 nm (Figure 2).

value of 0.14uM that we obtained as thi&q value for a3 The amidens* transition at 208 nm is sensitive to inter-
complex dissociation. helix coupling, resulting in a decrease in the valuesefd,
Although we have previously shown that peptides with whereas thea* transition exhibits only a weak short-range
more than one 106-amino-acid-sequence motif are neededtoupling, resulting in only a small change in the values of
to mimic the structural stability of spectri?l, 22), these [6224] in the presence of inter-helix couplin89). Empirical
results suggested that &b—156 associated with $A898— studies show that coiled coil systems generally exhibit]/
2083 in a manner very similar to that of &—368. Thus, [620g values around 1 or greater than 1, whereas nonasso-
either Sp1—156 or Sm1—368 could be used as a model ciated helices exhibit values around 6@9 (35, 40). Thus,
peptide fora spectrin to study its association wifspectrin the [0224/[ 0204 values have been widely used to distinguish
at the tetramerization site. between associated coiled coil helices and nonassociated
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Ficure 2: Typical CD spectra of Spl—156 (dash), S§1898-
2083 (dot), and a mixture of $1—156 and SP1898-2083 in
PBS 7.4 buffer (solid). The CD spectra were recorded at room
temperature (23C). The peptide concentrations in all samples were
about 12uM. The mathematical addition of individual spectra of
Spol—156 and SF1898-2083 (- - - —) is also shown.

Table 1: Mean Residue Molar Ellipticity Ratios at 222 and 208 nm
Are Shown for Sp.1—-156, Sp1898-2083, and for thexs
Complex, in the Absence and Presence of 60%“TFE

[0222]/[ 020¢]
no TFE 60% TFE
peptide observéd estimatell observe#l
Spal—156 0.93+ 0.03 0.95 0.88:0.01
Sp31898-2083 0.95+ 0.03 0.92 0.89t 0.01
Spal—156/SP1898-2083 1.03+ 0.03 1.00 0.88: 0.01
complex

aThe mean peptide concentration was#1@ uM. The CD spectra
were recorded at room temperature (Z3 in PBS 7.4 buffer? Mean
values+ standard deviation valuesn(s), n = 7. ® Estimated values
were obtained by assuming a value of 1.0 for associated coiled coils
and 0.8 for nonassociated helices. We considered Sf56 to consist
of 75% associated coiled coils and 25% unassociated helices and
Sp31898-2083 to consist of 60% associated coiled coils and 40%
nonassociated helicesMean valuest standard deviation values,(s),
n=3.

helices 85, 36, 39—42), although this application has been
questioned43, 44). It has been shown that some systems,
such as poly (Glu) and poly (Lys)44) or a random
copolymer of Lys, Glu, and Ala4®) that do not form coiled
coils have P]/[6209 > 1. Other factors, such as helix
geometry and solvent, may also affect the ratio.

The mean@.>7/[ 6204 value obtained from the CD spectra
of Spa1—156 was 0.93t 0.03 = 7) (Table 1). This value
suggested the presence of one or more nonassociated helic
in Spn1—156. Our previous NMR data show that this peptide
consists of four helicestg). If we assume that three helices
(75%) are associated as coiled coils, wih}|/[ 0204 values
of 1, and one helix (25%) is nonassociated withfa,]/
[620¢ value of 0.8, we calculated &1,7/[ 20¢ value of 0.95
for the molecule.

For Sp1898-2083 peptide, the meail47]/[ 6204 value
obtained from the CD spectra was 0-89.03 (1= 7), again
suggesting the presence of nonassociated helix/helices.

CD Studies of Spl—156/Sip1898-2083 Complex. (1)
Coiled Coils Association. (@) th2d/[ 0204 Value. It is
interesting to note that the spectra of samples containing a

Mehboob et al.

mixture ofa andg peptides differed from the weighted sum
of individual a and § spectra (Figure 2). If ther and
peptides remained as individual peptides in the mixture, the
[6222)/[ O20¢] value would be the average value of thosexof
and 5 peptides, i.e. about 0.94. However, the mean value
obtained from the spectra of the mixture was 103®.03
(n= 7). A statisticalt-test (one tail and two sample unequal
variance) for the seven data sets fongp 156 samples and
for Spn1—156/SP1898-2083 mixture samples yielded a
probability (p) of <0.001 of being the samé-{est result=

2.8 x 107%). Similarly, the result of &-test for Sf$1898—
2083 samples and 8fA—156/S$1898-2083 mixture samples
was 5.7x 1075 Thus the mean value of the mixture samples
(1.03) in Table 1 was significantly different than the mean
values of eithera (0.93) orS (0.95) peptides. When we
applied thet-tests to the data for $1—156 and for
Sp31898-2083, we found that the two sets of values were
similar, with at-test result of 0.1. Using the results of solid-
phase assay¥{ value of 0.14uM) for the Spx1—156/
Sp31898-2083 system consisting of 20M of each peptide,
we expect about 89% of & —156 and SF1898-2083 to

be in the associated state. Thus, the CD spectra of the
mixtures were mostly of Spl—156/Sp1898-2083 com-
plex.

Since the coiled coil systems generally exhiBiEl/[ 0204
values around 1 or greater than 35(40), a [0229/[ 0204
value of 1.03 suggests that all helices in the mixture samples
are associated as in coiled coil systems.

We recognize that the values of the ratio alone does not
uniquely suggest coiled coil formation. However, taking other
information such as the heptad sequence motif in spectrin
peptides and the NMR structure of &bp—-156 into consid-
eration, the suggestion of coiled coil formation is a simple
and a very likely one.

However, in 60% TFE, the6hs)/[6204 values of the
mixture samples were 0.82 0.01, similar to the values
obtained for samples containing only &p-156 or only
SpB31898-2083 in TFE (Table 1). Sincé}2,/[ 020¢ values
around 0.8-0.9 suggest nonassociated helicgs 40), these
results suggested that helices in coiled coil conformation in
the a8 complex as well as the structural domain helices in
individual peptides dissociated into noninteracting helices
in 60% TFE. Since TFE is a solvent known to interfere with
hydrophobic interactions36, 40) and to affect hydrogen
bonding and solvent structurd?), these results suggested
that either the helices associated via a hydrophobic effect to
form structural domains as well as th@ complex, or TFE
induced other conformational changes in our system. In

eneral, conformational changes effected by TFE appear to

pend on the particular amino acid sequences, the TFE

concentration and other solution conditions as well as on
the structures involved4().

(b) Helical ContentsThe values of §,,7] are often used
to monitor secondary structures, as they are sensitive to the
helicity of peptides 4, 40). The mean value was18.9 x
10 deg cnt dmol%, corresponding ta helical content of
~52%, for Sm1—156, and—20.6 x 1C° deg cn? dmol™?
(~57%) for SP1898-2083. The mean value obf,4 for
Spol—156/SPp1898-2083 complex was<(25.4+ 2.1) x
10° deg cni dmol™2, corresponding tax helical content of
~70% (Table 2, Figure 2). This helical content value for
the complex was much higher than the weighted sum
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Table 2: P27 and the Helicity (%) for Sp1—-156, Sp1898-2083, and thex3 Complex in the Absence and Presence of 60 % aTFE

no TFE 60% TFE
[0222] x 10% helical [9222] x 10% helical
peptide (deg cnidmol?) content (%) (deg cnidmol?) content (%)
Spal—156 —18.9+ 1.7 52+ 5 —28.7+5.3 80+ 15
Sp’1898-2083 —20.6+1.4 57+ 4 —32.84+5.2 91+ 15
Spol—156/Spp1898-2083 complex —254+2.1 70+ 6 —32.0+ 3.7 89+ 10

a CD spectra were recorded at room temperature°@g in PBS 7.4 buffer. The peptide concentrations weretl@ uM. 2 Mean valuest
standard deviation values,(;), n = 7. ? Mean valuest standard deviation values,(;), n = 3. ¢ Helical content values were calculated using a
[6227 value of —36 x 10° deg cn? dmol™ to represent 100% a helix.
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Ficure 3: Mean values and the mear®§,,)/[ 6204 ratio of

Fioure 3: ) contgsziﬂg S e s anz({jZQ]S [ggi%s]gs_z s FIGURE 4: Mean P2y values and the meaif7/[ 0204 values of
(10 uM) in PBS 7.4 buffer with different concentrations of urea the mixture containing Spl—156 and SP1898-2083 (solid

(solid squares) and the values of the weighted sum of 5p156 squares) and the values of the weighted sum of those from Sp
and Sp1898-2083 (open squares) obtained under similar condi- 1126 and Sp1898-2083 peptides (open squares) at different
tions. The standard deviation values were plotted as error  eMperatures are shown. The CD spectra were recorded in PBS
bars .(1 =2) 7.4 buffer. The standard deviation values-(5(n = 2) were plotted

) as error bars.

(~55%) of Sm1—156 and S1898-2083 peptides. Thus,
an apparent helical content increase of about1%%6
accompanied complex formation in@&p-156 and SF1898-
We also found that, in 60% TFE, the helicity of all samples
(samples consisting of individual peptides as well as of the Molecular Structure for Spl—156. Detailed three-
complex) increased 2680% (Table 2). TFE has been shown dimensional structures are not presently available for either
to increase the helicity of many helical peptidd§,(@8) but Spol—156 or SP1898-2083. However, preliminary NMR
to decrease the helicity in some peptides with very high studies of Sp1—156 @6) identified fouro-helices, consist-
helical content48). ing of residues 2145, 53-81, 88-118, and 123153, as
(2) Urea and Thermal Denaturation Studies on the.sp well as five random coil regions, consisting of residue2Q,
156/Spp1898-2083 ComplexThe values of §227)/[ 620¢) and 46—52, 82-87, 119-122 and 154-156. In addition, NMR
of [0224] of the af complex without urea were higher than data from spin-labeled ${1—156 suggest that the first helix
the weighted sum of individual ${1—156 and Sp1898- does not bundle with the other three helices, but appears to
2083 peptides (Figure 3). However, upon addition of urea, be a lone helix 46). Since we identify the first residue in
the differences in the values decreased upon increasing ureghe structural domain of. spectrin as residue 53%), we
concentrations, and the two values merged to a similar valueassume that the remaining three helices, consisting of residues
at a urea concentration of 2 M. 53—-81, 88-118, and 123153, interact to form a triple
Similar results were observed upon increasing the tem- helical coiled coil structural domain, generally similar to
perature of the samples (Figure 4). The difference betweenthose found irDrosophilaspectrin (2) and in chicken brain
samples containing a mixture af and § peptides and  spectrin (3, 14), but with specific differences, such as helical
samples containing individual or 5 peptides narrowed as lengths 46). Thus, it appears that the lone helix ind8p-
the temperatures increased from 25 t0°B0 These results 156 observed by NMR, consisting of residues-25 prior
indicated that the increase in helical content in tg@ to the first structural domain, is responsible for ttog,f|/
complex correlated well withoy3 association. When the  [60g values to be less than one obtained from our CD data
association was disrupted either by urea or by temperaturefor Spp1—156. The sequence of this nonassociated helix is
denaturation, thefh24)/[ 0204 Values and the helical contents  shown in Table 3.

of the g mixture became similar to those ef and
peptides.
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Table 3: Sequence Assignments of Helices and Heptads of Erythrocyte Spectrin FragmentsNnaih&sC Regions

aN and BC Regtons.
o spectrin Residues 21 - 45 (Helix C) AEEIQERRQEVLTRYQSFKERVAER

Heptad repeat abcdefgabcdefgabcdefgabed
B spectrin Residues 2008 - 2037 (Helix A) LLEVCQFSRDASVAERAWLIAQEPYLASGDF
Heptad repeat efgabcdefgabcdefgabecdefgabcdef

Residues 2044 - 2072 (Helix B) VEKLIKRHEAFEKSTASWAERFAALEKPT

Heptad repeat abcdefgabcdefgabcdefgabcdefga

Working Model for Sf1898-2083.Since no structural  tions between domains found in the dimer nucleation site
information is available for $$1898-2083, we suggested (16), or (b) between the nonassociated helices inotland
the following working model structure for this peptide. On 3 peptides to give coiled coil suburisubunit association.
the basis of sequence homology and assuming that the The simplest interpretation of our CD results is that the
tryptophan at residue 2024 is the conserved tryptophan intwo peptides do not associate via structural domain
the spectrin structural domaidq, 50), sequence alignment  structural domain interaction such that the nonassociated
puts residues 1962007 as the 106-amino-acid motif, which helices remain nonassociated, but via an association of
presumably folds into a triple helical coiled coil domain nonassociated helices (a single helix of residues4&Lin
structure in SP1898-2083. Guided by heptad patterns in  Spnl—156 and two helices of residues 2668083 in
the sequence, we further assume (a) that the region followingSp31898-2083). The association appears to involve hydro-
this structural domain consisting of residues 262883 phobic effects since it is disrupted by TFE. It is also possible
forms two helices, with residues 2008037 similar to that TFE induced major conformational changes.iandf
residues 5381 (helix A) in Spx1—156 and residues 2044 peptides to disrupt their association.
2072 similar to residues 88118 (helix B) in Sml1—156 This association is accompanied by a 15% increase in
(Table 3), and (b) that these two helices do not associatehelicity, similar to an earlier observatio25), suggesting
among themselves or with the structural domain in the stabilization of the nonassociated helices in thend
absence of itso partner. Thus, this working model for peptides upon association. The origin of this increase in
Sp31898-2083 consists of three (60%) associated coiled coil helicity is not clear from our current studies. It is possible
helices, and two (40%) nonassociated helices, with anthat some less structured regions ina3p156 and in
estimated §227/[ 0204 value of 0.92, a value similar to our  Sp31898-2083 become more helical upon complex forma-
experimental value of 0.95 0.03. If SP1898-2083 has tion. However, the helicity values for both &p—156 (about
associated helices in the structural domain and no nonasso52%) and SP1898-2083 (about 57%) peptides are lower
ciated helices in the partial domain region, then the expectedthan those for the larger peptides, such aa%=p-262 (@
[0229/[ 6204 value would be one, or larger than one. Our peptide with two structural domains, 83%) andxSg—368
suggestion that, in the absenceoo$pectrin, the C-terminal (o peptide with three structural domains, 7692)L). In a
region of 8 spectrin consists of two nonassociated helices study of amphipathic-helical peptides, Lazo and Downing
differs from an earlier suggestion that this region is unstruc- (36) suggest that peptides with relatively high helical content
tured in the absence of its partner g5). This difference form a “tight” amphipathic helix with minimal distortion of
may be due to different buffer conditions used in the two the backbone hydrogen bonds, whereas peptides with rela-
studies. The actual structural information forf3898-2083 tively low helical content form a “loose” helix in which the
awaits experimental data. Our working model is used merely peptide carbonyl groups are tilted outward to give lower
to provide possible interpretations to our data. mean residue ellipticities. Thus, we speculate that the helices

oN/BC Association in SpectrilAs demonstrated by the in individual Spx1—-156 and S1898-2083 are “loose”
ICso values and by our native gel electrophoresis data1Sp helices 86) or “frayed” helices $1) and thus have lower
156 and Sf1898-2083 associate in the micromolar con- values for their helicity, whereas the helices in thersp
centration range in a manner similar éoand 8 spectrin 156/Sgp1898-2083 complex as well as those in peptides
association at the tetramerization site. Thusy5p156 and with more than one structural domains, such ast%p-
Spp1898-2083 are good model peptides for studying the 368, are “tight” helices and thus have higher values for their
oN/BC association in spectrin. However, these binding results helicity. Therefore, the increase in helicity may simply be a
do not provide any information on the sites involvedoin property of our model system, and has no mechanistic
and 8 peptide association. Using our working models for significance foro. and/ spectrin association. However, this
both peptides, the possible sites of association for these twoincrease in helicity may be viewed as evidence of coiled
peptides are (a) between the coiled coil structural domainscoil association between the nonassociated helices, with
of o and 8 peptides, to give an association similar to the “frayed” helices converting to “tight” helices upon associa-
domain—-domain association involving electrostatic interac- tion. Consequently, the helices in thecSp-156/Sp1898—
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2083 complex may exhibit conformations that are similar to
those ina peptide with three structural domains, such as
Spa52—368.

In addition to the hydrophobic effect, the association
appears to involve specific chargeharge interactions. Close
examination of the sequence of residues-2% in Spx1—
156 showed a general patternatfcdefgheptad repeats, with
residue 21A at arfa” position and residue 45R in a™
position (Table 3).

A similar heptad repeat sequence is observed in residues 11
12.

2008-2037 with residue 2008 (leucine) at ad’ ‘position

and residues 20442072 with residue 2044 (valine) in an
“a’ position in SP1898-2083 (Table 3). In Spl—156,
residue 28, although in ara™ position, is arginine, not the
hydrophobic residues such as leucine or valine usually found
at this position 28). The replacement of arginine by cysteine
at position 28 provides a more hydrophobic residue at this

position, and yet such replacement abolishes its ability to 16.

associate with $$1.898-2083 in a micromolar concentration
range. Thus, though nonhydrophobic at ai position,
arginine is important in this coiled coil subunisubunit
association 12). Using our working model for $}1898-
2083, we suggest that R28 i spectrin interacts with a
residue having a negatively charged side chain, such as
E2069, inj spectrin. A disruption of this chargeharge
interaction abolishess association in this region. This
suggestion is consistent with clinical mutations found thus
far, in that a replacement of arginine with leucine, serine,
cysteine or histidine reduces spectrin tetramer concentrations
in hereditary elliptocytosis patientdq, 52). In Drosophila
spectrin domain studies, it has been suggested that the
charged end of arginine sticks out of the helix bundle to
interact with the neighboringe” position residue, and the

base of arginine provides a small hydrophobic surface for 5

hydrophobic packing12). However, the precise nature of

this and other interactions in this coiled coil association in 26.

human erythrocyte spectrin cannot be deduced from our data

presented here. It is interesting to note that residue 45 27-

(arginine) ina spectrin is in a " position and may also be
involved in charge-charge interactions between helices.

Future studies showing specific interaction sites are needed »g

to determine interacting components in the coiled coil helices
at the tetramerization site of erythrocyte spectrin.
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