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The elongated proteins of the spectrin family (dystrophin, a-actinin, and spectrin) contain
tandemly repeated segments and form resilient cellular meshworks by. cross-linking actin
filaments. The structure of one of the repetitive segments of a-spectrin was determined at
a 1.8 angstrom resolution. A segment consists of a three-helix bundle. A model of the
interface between two tandem segments suggests that hydrophobic interactions between
segments may constrain intersegment flexibility. The helix side chain interactions explain
how mutations that are known to produce hemolytic anemias disrupt spectrin associations

that sustain the integrity of the erythrocyte membrane.

Spectrin, a-actinin, and dystrophin are
actin cross-linking proteins. Their associa-
tions with actin generate meshworks that
support the plasma membrane and sustain
interactions between cellular structures re-
sponsible for cell motility and shape (1, 2).
Although all spectrins have a similar do-
main organization, important functional
distinctions among these proteins appear to
arise from the differing number of tandemly
repeated segments that each contains. Be-
cause the repeated segments account for
most of the length of these proteins, the
structure of these segments must in large
part determine the flexibility, and hence
the functional and mechanochemical prop-
erties, of the meshworks they form (3).

Sequence analysis of spectrin and mea-
suretnents of contour length have suggested
that the repeated segments each consist of
100 to 120 amino acid motifs that fold into
a three-helix bundle (4, 5). Our recent
demonstration that single repeats of spectrin
can fold into stable conformations similar to
those in the native protein (6) presented a
fresh opportunity to examine segment struc-
ture. Polypeptides representing single re-
peats exist in solution as a mixture of mono-
mers and homodimers (7). We have been
able to crystallize homodimers of the 14th
segment of Drosophila a-spectrin (Fig. 1) and
determine its structure.

The details of the structure determina-
tion are presented in Table 1. A 3
resolution, multiple isomorphic replace-
ment (MIR) map based on two heavy-atom
derivatives and anomalous dispersion
showed that the a14 fragment had crystal-
lized as a dimer, with the two polypeptide
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partners related by a noncrystallographic
twofold (Fig. 2A). Most of the polypeptide
chain could be built into the map (Fig. 3),
and clear side chain density made the se-
quence alignment unambiguous. Helices A
(8) and B form a hairpin, as expected, but
helix C is continuous with helix B and thus
does not fold back on helices A and B. In
place of helix C, helix C’ (residues from the
second polypeptide chain in the dimer)
pack against helices A and B to create the
anticipated three-helix bundle (Fig. 2B).
Because the two polypeptide partners are of
identical amino acid sequence, the “invad-

- ing” C' helix can make precisely the same

contacts with the AB hairpin as would the
C helix if it were folded back on the AB
hairpin. Because the intact molecule has an
extended structure whose NH,- and
COOH-termini lie at opposite ends (9),
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the NH,- and COOH-termini of a segment
must extend in opposite directions. There-
fore, the C helix of each segment must fold
back against helices A and B. Thus, al-
though the residues between helices B and
C maintain a continuous a-helical confor-
mation in the crystalline a14 dimer (Fig.
2A), we believe that in the intact spectrin
chain these residues form a small loop (Fig.
2B) (10).

In the description here, we concentrate
on one three-helix bundle. The last two
residues at the COOH-terminus are poorly
ordered in the fragment, and eight residues
in the AB loop also lie in weak density.
Otherwise, the helices are well defined
along their entire lengths. The mean main
chain dihedral angles are —63° for phi and
—42° for psi, as in globular proteins (11).
The three helices interact with each other
over eight turns, forming a left-handed
three-helix bundle about 50 A long and 20

in diameter (Fig. 2B). The buried area is
4400 A2, which is 38% of the total acces-
sible surface area of three helices. Helix B is
longer by two turns than helix A. Helix C
is bent, helix B is slightly bent, and helix A
is straight. The respective mean angles
between the axes of the helices are 20°, 10°,
and 15° for A to B, Bto C, and A to C, and
the mean interaxial distances are 12.3 * 2,
10.6 = 1, and 10.9 = 1 A, respectively.
Each of the three helices exhibits the hep-
tad pattern found in extended a-helical
structures, with positions conventionally
labeled by the letters a to g (12) (Fig. 4A).
Residues a and d are generally hydrophobic
and lie on the inward-facing surface of the
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Fig. 1. Sequence of the 106 amino acids in segment 14 of Drosophila a-spectrin (23). The brackets
above the sequence designate the regions that form a helices A, B, and C (8) as predicted (5).
Segment phasing (starting with Asn 1392 and ending with Asp 1497) is derived from Winograd and
co-workers (6) and has been illustrated for B-spectrin (24).

Table 1. Data collection, structure determination, and refinement (25, 26).

Parameter Native Il Native Il Native I* CH;HgCI K,0sClg
Resolution (A) 1.8 2.0 3 3 3
Measured reflections 88201 46546 19853 9998 16417
Unique reflections 20541 13437 4928 4459 4779
Number of crystals 1 3 4 4 3
Completeness (%) 95 86 94 85 90
Rrerget 0.046 0.069 0.066 0.053 0.060

leo 0.29 0.13
Number of sites 2(4) 1
R..ns2dag;§ 0.48 0.63
Root mean square 2.29 1.75

F/E (310 10 A)|
*Mean figure of merit for Native | = 0.50.  tR,qge = 2 I/ — (2], where [is intensity. R, = X If,

— Fol/%Fp, where Fp, and F,, are the derivative and native structure factor amplitudes, respectively. . §R, =

3, I1F,(obs) — F(calc)l/2F, (obs), where F, is the heavy-atom structure factor amplitude.

FYE = {Ef A)/Z[Fpn(obs) — Foy(calc)]?}’2.
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helix. The remaining residues tend to be
more polar.

The antiparallel A and B helices in
spectrin are in a register such that positions
d of one helix are at the same level as
positions a of the other (Fig. 4B). Thus, the
d side chains project into a cavity on the
surface of the opposite helix, packing later-
ally against a side chains and bounded
axially by d side chains of successive hep-
tads. This ridge-to-ridge packing arrange-
ment is similar to that found in coiled-coil
proteins (13), except that helix A does not
coil around helix B. In contrast, helix C is
axially displaced relative to helices B and A
so that each turn of helix C runs roughly
midway between two adjacent turns in hel-
ices B and A (Fig. 4B), and the side chain
packing between helices C and B and be-
tween C and A conforms to the ridges-into-
grooves arrangement common in globular
proteins (14) (Fig. 5). The ridges-into-
grooves packing of hydrophobic residues
imposes different constraints on the angle
between helices than does the ridge-to-
ridge packing seen between helices A and
B. Consequently, the B and C helices and
the A and C helices pack together at angles
of 10° and 15°, respectively, instead of the
usual coiled-coil angle of 20° (13, 15).

In addition to the hydrophobic packing
at the interior of the three-helix bundle,
electrostatic interactions also appear to sta-
bilize the spectrin repeat structure (Fig.
4A). Between helices A and C, interchain

Fig. 2. Structure of a-spectrin segment 14. (A)
Side view of the dimer. One polypeptide in the
dimer is shown in red hues, the other in green
hues. (B) Side view of one segment. The BC
loop (white) has been inserted by model build-
ing. Some of the side chains that pack to
maintain the spacing between the a helices are
shown with carbon yellow, nitrogen blue, and
oxygen red.
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salt bridges are often formed by charged
residues at positions e and g, as in conven-
tional coiled-coil structures, and additional
residues at position ¢ in helix C are also
involved in some ionic interactions. Salt
bridges between the antiparallel B and C
helices also involve charged residues at
positions e.

Comparisons of the sequence of segment
al4 with those of the other repetitive
segments of a- and B-spectrin chains show
that the key interactions present in our
structure are broadly conserved. We there-

Fig. 3. Part of the electron density
maps. (A) MIR map (3 A). (B) 2F,
- F. map (1.8 A). The model
shown is the final, refined model,
including a portion of helix C, res-
idues C'14 to C’'26. Both maps
are contoured at 1o.

fore believe that all spectrin repeats are
likely to have the same three-helix packing.

. In particular there is conservation of hydro-

phobic residues at those positions in all
three helices that form the critical hydro-
phobic interface at the inside of the helix
bundle. Moreover, the conserved charged
residues often form interchain salt bridges.
Among the most conserved of all residues
are those that are important for maintain-
ing contacts between the straight helix A
and the coiled helices B and C. In partic-
ular, the residue at A7 (usually Tyr or Phe)
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Fig. 4. Helical projection and side-view cartoons. (Left) Axial helical projection looking down the
helix bundle from the NH,-terminus of the A helix. The heptad positions are shown by circles from
which the actual residues at these positions radiate; the numerical position within the helix is
indicated for the amino acids of the first heptad repeat closest to the viewer whose residues interact
in the bundle. Residues closer to the viewer than the first interacting heptad repeat are shown inside
each helix. Hydrophobic residues are bold. (Right) Cartoon side view of the three helices. The axial
displacement of helix C with respect to A and B places the a position residues of C between the
axially underlying or overlying d and a residues in helices A and B: Dashed lines extending from the
bottom of helix C indicate the proposed position of the next succeeding segment’s A helix.
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Fig. 5. Stereo view of a-spectrin segment 14 sectioned normal to the long axis of the helices at
roughly the middle of the helix bundle. Only a- and d-position residues are labeled. The Met A18 (a
position) and His B18 (d position) residues pack with their Ca atoms at roughly the same depth,
whereas the axial displacement of helix C’' places the Ca atoms of Met A18 above Leu C'18 (d
position) but below Trp C’15 (a position) and the Ca atoms of Trp C’15 above His B18 and below

lie B22 (a position).

helps space helix A away from B and C at
one end, whereas at the other end the
conserved, bulky residue at B11 (often Phe)
packs against A25 and A24, the latter
exceptionally conserved as a hydrophobic
residue at a g position. Between these two,
near the middle of the helix bundle, the
invariant Trp A17 is involved in the way
helix A crosses over from B to C, as is the
nearly invariant Trp at C15. Indeed, these
two tryptophans lie opposite each other,
with His B18 between them. Finally, near
the AB loop, the interaxial distance be-

Fig. 6. Proposed model of two succeeding
segments. Because the last two COOH-termi-
nal residues are poorly ordered in the fragment,
the continuity between helix C of the first seg-
ment (red) and helix A of the second segment

(pink) is hypothetical. Hydrophobic residues .

that stabilize the connection between the two
segments (Val B1; Leu B4; lle B5; the invariant
Leu at C29; and the often hydrophobic residue
located at an f position at A2, Leu in Drosophila
a-14) are modeled in yellow.

tween helices A and B is unusually large (14
A), and rather open salt bridges between
the d position Asp A28, g position Lys B7,
and d position Lys C'25 replace the usual
hydrophobic contacts.

The integrity of the erythrocyte mem-
brane and its skeleton depends on the
association of spectrin heterodimers into
tetramers (3). Tetramers form by associa-
tions between the partial repetitive motifs
found near the NH,-terminus of the spec-
trin & chain and the COOH-terminus of
the B chain (16, 17). In all spectrins that
have been sequenced, the partial motif on
the a chain contains only those residues
typical of a C helix, whereas the partial
motif on the B chain contains residues
typical of just the A and B helices. If the
mode of association in tetramer formation
corresponds to the packing seen in the
crystallized fragment (helix C of one chain
with helices A and B of the second chain)
(Fig. 2A), the observed hydrophobic and
ionic interactions should also be those that
stabilize the corresponding association be-
tween a and B chains in the tetramer.
Subgroups of hereditary elliptocytosis are
human hemolytic disorders associated with
the defective association of erythroid spec-
trin heterodimers into tetramers (18). Dif-
ferent point mutations have been found to
be responsible for the defect. One of these
(16), Ala to Pro at position B10 (19) in the
incomplete terminal segment of the B
chain, would be expected to disrupt the B
helix and destabilize the three-helix bun-
dle. Another (20), Arg to Leu, Ser, Cys, or
His at position C'8 (21) in the partial
NH,-terminal segment of the a .chains,
could disrupt critical interactions with con-
served residues at A7 (usually Phe or Tyr)
and B29 (usually Ala or Gly) (Fig. 2B).
This disruption could occur because the
manner in which the charged end of Arg
C’8 sticks out of the helix bundle to inter-
act with the neighboring e position residue
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(Fig. 4A) leaves the base of Arg C'8 as a
small hydrophobic surface against which
the side chains of A7 and B29 pack.

In general, the repetitive segments of
spectrin preserve a fixed register between
the C helix of one and the A helix of the
next, with no prolines or glycines at the
segment boundary. It has therefore been
proposed that the “two” helices are in fact
continuous (Fig. 4B), with the C helix of
the first segment and the A helix of the
next segment forming a single helix (5, 22).
Because the residue positions are well de-
fined along nearly the entire length of the
helices, we were able to build a model of
two successive repeats (Fig. 6). This model
shows that interactions at the segment
boundary explain several conserved, but
otherwise puzzling, features of the spectrin
amino acid sequence. First, the relatively
open ends of the three-helix bundle allow
the connection between segments to be
made without any rearrangement of the AB
or BC loops. Second, the a-helical turns
that form the CA boundary (the last turns
of helix C and the first of A) are involved in
multiple interactions with the two turns of
the helix at the NH,-terminus of B. Third,
because the model predicts that each suc-
cessive segment is axially rotated 60° in a
right-handed sense with respect to the pre-
vious segment, it explains why the f posi-
tion at A2 is frequently occupied by a
hydrophobic, rather than a hydrophilic,
residue. The 60° rotation places this first f
position in the A helix of the next succes-
sive segment between the a and d (B1 and
B4) residues of the preceding segment’s B
helix (Fig. 6). If this model is correct, the
packing of this hydrophobic residue from
A2 of one segment against the hydrophobic
residues at B1, B4, and B5 of the previous
segment should confine the segment-to-
segment flexibility within a limited number
of planes.
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A Covalent Enzyme-Substrate Intermediate with
Saccharide Distortion.in a Mutant T4 Lysozyme

Ryota Kuroki,* Larry H. Weaver, Brian W. Matthews+

The glycosyl-enzyme intermediate in lysozyme action has long been considered to be an
oxocarbonium ion, although precedent from other glycosidases and theoretical consider-
ations suggest it should be a covalent enzyme-substrate adduct. The mutation of threonine
26 to glutamic acid in the active site cleft of phage T4 lysozyme (T4L) produced an enzyme
that cleaved the cell wall of Escherichia coli but left the product covalently bound to the
enzyme. The crystalline complex was nonisomorphous with wild-type T4L, and analysis
of its structure showed a covalent linkage between the product and the newly introduced
glutamic acid 26. The covalently linked sugar ring was substantially distorted, suggesting
that distortion of the substrate toward the transition state is important for catalysis, as
originally proposed by Phillips. It is also postulated that the adduct formed by the mutant
is an intermediate, consistent with a double displacement mechanism of action in which
the glycosidic linkage is cleaved with retention of configuration as originally proposed by
Koshland. The peptide part of the cell wall fragment displays extensive hydrogen-bonding
interactions with the carboxyl-terminal domain of the enzyme, consistent with previous

studies of mutations in T4L.

Among the glycosidases much detailed
structural information is available for the
lysozymes (I1-3), but their mechanism (or
mechanisms) of action has remained con-
tentious (4-8). In an attempt to create
metal binding sites, as was done successfully
for human lysozyme (9), a number of acidic
groups were introduced. One such substitu-
tion, Thr?® — Glu (T26E), produced an
enzyme that was inactive at neutral pH.
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This result was unexpected because Thr?® is
located within the active site cleft of T4L
but was thought not to be critical for
catalysis because some other amino acids
are tolerated at this position (10).

Mutant T26E was constructed and puri-
fied (11). More than 30 cycles of Edman
degradation showed the NH,-terminal se-
quence of the major component (11) to be
that predicted for the T26E mutant. A mass
of 19,548 daltons (T26E + 918) was deter-
mined with electron ion spray mass spec-
trometry. The major component of E. coli
cell wall, (NAM-NAG)-LAla-DGlu-DAP-
DAla, has a molecular weight of 940
(NAM, N-acetyl/muramic acid; NAG,
N-acetyl/glucosamine; and DAP, diamino-





