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The common hereditary elliptocytosis-associated a-spectrin L260P
mutation perturbs erythrocyte membranes by stabilizing spectrin in
the closed dimer conformation
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Hereditary elliptocytosis (HE) and hereditary pyropoikilocytosis (HPP) are common
disorders of erythrocyte shape primarily because of mutations in spectrin. The most

e The common HE mutation common HE/HPP mutations are located distant from the critical ap-spectrin tetramer-
aL260P reduces spectrin ization site, yet still interfere with formation of spectrin tetramers and destabilize the
tetramer links between membrane by unknown mechanisms. To address this question, we studied the common
junctional complexes in red HE-associated mutation, aL260P, in the context of a fully functional mini-spectrin. The
cell membranes by favoring mutation exhibited wild-type tetramer binding in univalent binding assays, but reduced
closed dimers. binding affinity in bivalent-binding assays. Biophysical analyses demonstrated the

. Favoring closed spectrin mutation-containing domain was only modestly structurally destabilized and helical
. . . content was not significantly changed. Gel filtration analysis of the aL260P mini-spectrin
dimer fo_rmatlon IS a new indicated more compact structures for dimers and tetramers compared with wild-type.
mechanism of red cell Chemical crosslinking showed structural changes in the mutant mini-spectrin dimer
membrane destabilization by | were primarily restricted to the vicinity of the «L260P mutation and indicated large
hereditary anemia mutations. | conformational rearrangements of this region. These data indicate the mutation in-
creased the stability of the closed dimer state, thereby reducing tetramer assembly and
resulting in membrane destabilization. These results reveal a novel mechanism of erythrocyte membrane destabilization that could
contribute to development of therapeutic interventions for mutations in membrane proteins containing spectrin-type domains

associated with inherited disease. (Blood. 2013;122(17):3045-3053)

Introduction

The hereditary elliptocytosis (HE) syndromes are the most common
disorders of erythrocyte shape. In parts of Africa, the incidence of
HE approaches that of sickle cell disease, presumably because HE
red cells confer some resistance to invasion by malaria parasites.
Most cases of HE are due to missense mutations in the erythrocyte
membrane skeleton protein spectrin.'>

Spectrin is a critical component of the erythrocyte membrane
skeleton, a network of proteins on the cytoplasmic face of the
membrane that maintains the shape and elasticity of the red cell
membrane.>* In the erythrocyte, spectrin exists as an antiparallel
af-heterodimer that self-associates in a head-to-head fashion to
form tetramers and higher order oligomers.> Studies of spectrin
mutations in HE and the related disorder hereditary pyropoikilo-
cytosis (HPP)®” have provided important insights into the structure
and function of spectrin in the cell.® Furthermore, erythrocyte
spectrin has served as the paradigm for our understanding of
spectrin proteins in nonerythroid cells. We now know that spectrin

mutations in other cell types play important roles in pathogenesis
of several disease phenotypes, including a number of neurologic
disorders.”"!

In the erythrocyte, a-spectrin is an ~280-kDa polypeptide com-
prising 20 homologous ~106 amino acid “spectrin-type homologous
domains” often called “spectrin repeats,” an N-terminal partial repeat,
an SH3 domain, and a C-terminal EF hand domain. 3-Spectrin is an
~246-kDa polypeptide comprising 16 complete repeat units, a
partial repeat near the C terminus, an N-terminal actin binding
domain, and a nonhomologous phosphorylated C-terminal domain
(Figure 1A). Spectrin tetramers are anchored to the membrane
through ankyrin'>"'* and an actin-based junctional complex. Crystal
structures of up to 3 or 4 tandem spectrin type domains have been
determined, and all of these domains are 3-helix bundles intercon-
nected by short helical segments.'>"

Many HE and HPP mutations are in the tetramerization domain
comprising the a0 and B17 partial domains, and these mutations
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Figure 1. Schematic representation of erythrocyte
spectrin equilibria and distal mutations. (A) Full-
length red cell spectrin illustrating the closed dimer <
open dimer « tetramer equilibria and component domains.
The homologous ~106 residue spectrin type “repeat
units” that comprise most of the spectrin molecule are
represented by rounded rectangles. The gray rectan-
gles are domains required to initiate antiparallel lateral
heterodimer assembly.>® The a-spectrin EF hands are
represented by small yellow hexagons and the laterally
associated actin binding domain at the N terminus of
B-spectrin is represented by larger blue ovals. The SH3
domain («10) inserted with the a9 domain is indicated
by a small white triangle. The domains used in the con-
struction of the recombinant mini-spectrin are high-
lighted in light blue and wheat and orange and blue. (B)
Mini-spectrin in its tetramer form and the corresponding
dissociation to open dimer and conversion to closed
dimers. The «0-5 is connected to 316-17 using a short
glycine linker (gray arc). The approximate locations of
the L260P (asterisk) and Q471P (triangle) mutations are
shown. (C) The relationship between the secondary
structure of the 3-helix bundle motif and the 0-5 spectrin
sequence. The black bars above the sequences
indicate the locations of the A, B, and C helices of the
3-helix bundle that comprises each repeat, the gray-
shaded squiggles indicate locations of loop regions,
and the blue-shaded bar and sequence indicate the
helical linker region that connects the end of the C helix
to the beginning of the A helix in the next repeat. The
locations of the L260P and Q471P mutations in the
sequence are highlighted in red.
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reduce or abolish tetramer formation either through destabilization
of protein folding or disrupting protein-protein contacts in the
contact interface.’>>! However, in many cases, pathogenic mutations
are located large distances (100 A or more) from the tetramerization
site and are thought to exert destabilizing effects on tetramer
formation through poorly understood mechanisms. These include
the 3 most common HE-associated a-spectrin mutations found
worldwide: dupL.154, L260P, and L207P.**** Two of these common
mutations insert helix-breaking proline residues into a-helical
segments of spectrin repeats. Study of a rare distal mutation,
aQ471P, located adjacent to the linker between the a4 and a5
repeats, revealed this mutation decoupled these 2 repeat domains,
causing them to unfold near physiological temperature. This sug-
gested that these domains would prematurely unfold under moderate
tensile stress, resulting in destabilization of the actin crosslinks
provided by the spectrin tetramers.>>

In the current study, we analyzed the common HE al.260P
mutation®® located adjacent to the linker between the o2 and o3
repeats. Because this mutation was in an analogous structural position
within spectrin repeats to the a«Q471P mutation (Figure 1C), we
hypothesized that a similar mechanism would contribute to de-
stabilization of spectrin tetramers and red cell membranes. Surpris-
ingly, initial results indicated a different mechanism was involved;
therefore, a detailed evaluation of the aLL260P mutation was
pursued using a mini-spectrin construct capable of forming closed
dimers, open dimers, and bivalent tetramers analogous to full-length
spectrin (Figure 1B).>” The L260P mutant protein showed reduced

Q471P
L260P >

capacity to form tetramers in bivalent tetramerization assays,
suggesting that perturbations in the closed dimer-open dimer
equilibrium played an important role in tetramer assembly.
Chemical crosslink analyses revealed mutant-specific crosslinks
in the vicinity of the mutation, indicative of large conforma-
tional rearrangements that stabilized closed dimers. Shifting the
equilibrium from tetramers to closed dimers would reduce the
amount of tetramers on the membrane, a new mechanism of HE-
associated red cell membrane destabilization, and one that differs
markedly from the Q471P mutation.

Elucidation of these multiple mechanisms underlying the patho-
biology of membrane dysfunction in HE and HPP provides essential
knowledge required for potential development of future therapeutic
interventions for these diseases.

Materials and methods

Expression and purification of recombinant
mini-spectrin protein

The expression and purification of the wild-type (WT) construct used in this
study have been described previously.?’ Site-directed mutagenesis was
used to introduce the HE-associated mutation L260P into the mini-spectrin
construct. The purification of the L260P mutant protein followed the same
procedure as the WT protein. Expression and purification of the «0-5 and
B16-17 constructs followed a similar purification scheme.
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Biophysical measurements

Differential scanning calorimetry, circular dichroism, sedimentation equilibrium
analysis, and isothermal titration calorimetry were performed as previously
described.?"?’

Analytical gel filtration

The WT and L260P dimers and tetramers were isolated and evaluated by gel
filtration chromatography using 2 G4000SWy; BioAssist columns (Tosoh
Corp.) connected in series and maintained at room temperature (20-23°C).
After initial isolation of the tetramer or dimer, the sample was diluted to
0.05 mg/mL and then 100 pmol was reinjected immediately or incubated at
37°C and reinjected at 45-minute intervals.

Crosslinking reactions

Crosslinking reactions were performed using a freshly prepared solution of
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/sulfo-N-hydroxy-
sulfosuccininimide (sulfo-NHS). The WT and L260P dimers and tetramers
were isolated by gel filtration in 10 mM phosphate and 130 mM sodium
chloride; pH 7.3. Sample concentrations were adjusted to 0.2 mg/mL with
the same buffer. Reactions containing 10 mM EDC/5 mM sulfo-NHS were
incubated at 0°C. Reactions containing 2.5 mM EDC/1.25 mM sulfo-NHS
were incubated at room temperature (20-23°C). Aliquots of each sample
were removed at 30, 60, and 120 minutes and quenched by addition of
20 mM dithiothreitol (final concentration) followed by incubation at the
same temperature for 15 minutes. After quenching, samples were buffer
exchanged and concentrated using Amicon Ultra Ultracel-50K filter units
(Millipore Corp.) before sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE).

SDS-PAGE and trypsin digestion

For each crosslinked sample (oligomer state, temperature, and time point),
multiple lanes loaded with 6 pg/lane were separated on 3% to 8% Tris-
Acetate mini-gels (Life Technologies) in Tris acetate running buffer and
stained with colloidal Coomassie Blue. Bands corresponding to control,
crosslinked dimer, or crosslinked tetramer were excised, alkylated, and
digested with trypsin.

LC-MS/MS

Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis
was performed on an LTQ-Orbitrap XL mass spectrometer (Thermo Scientific)
coupled with a Nano-ACQUITY UPLC system (Waters) as previously
described,”® with minor modifications. Briefly, charge-state screening was
enabled to reject +1 and +2 ions. Lists of expected mass to charge ratio and
retention time ranges for candidate crosslinks identified in the discovery
run were subsequently used in targeted LC-MS/MS analyses to identify
additional crosslinks. Monoisotopic precursor selection was disabled, precursor
mass tolerance was set at 20 ppm, and MS/MS threshold was set at 10 000 ion
counts for low-resolution MS/MS and 50 000 ion counts for high-resolution
scans. Resolution was set to 15 000 for both full scans and MS/MS scans.
Isolation width was increased from 2.5 to 4 mass to charge ratio for high-
resolution scans to compensate for space-charging.

Identification of crosslinked peptides

Label-free comparisons of the discovery LC-MS/MS data were performed
on the Rosetta Elucidator system to identify peptide signals that were enriched
in the crosslink samples as previously described.?®2° Precursor signals that
were at least 10-fold enriched in 1 of the crosslink samples (relative to control)
were retained as crosslink candidates. Using a mass tolerance of 5 ppm, the
mass list of these candidates was compared with mass lists of theoretical
crosslinks generated via in silico trypsin digestion and crosslinking of the
pertinent mini-spectrin sequence. Custom software was used to evaluate the
correlation between low-resolution MS/MS spectra and theoretical cross-
linked peptide amino acid sequences, to create target lists for high-resolution
MS/MS data acquisition, and to perform a final analysis on the resulting
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Table 1. Tetramer binding using univalent and divalent recombinant
proteins

Univalent Ky (ITC)* Divalent Ky (SE)t

Recombinant

23°C 30°C 23°C 30°C
WT 0.5 pM 1.8 pM 0.1 uM 1M
L260P 0.4 pM 0.8 uM 1.2 uM 5 uM
Q471P 0.4 pM 0.7 pM 0.2 uM 1M

ITC, isothermal titration calorimetry; SE, sedimentation equilibrium.

*ITC was used to measure the univalent binding of WT, L260P, or Q471P «0-5
titrated into 316-17.

1SE was used to measure the divalent dimer-tetramer equilibrium of WT, L260P,
and Q471P mini-spectrins.

spectra (Sriswasdi S, Harper SL, Tang HY, and Speicher DW, manuscript in
preparation). Automatically generated, graphically annotated spectra, along
with correlation quality scores, were used to identify crosslinked peptides and
pinpoint specific crosslinked sites.

Modeling large structural rearrangement in L260P tetramer

Homology modeling was performed using MODELER, as previously
described.**** The portion of a WT mini-spectrin tetramer model encom-
passing 3 long-range L260P-specific crosslinks, a2-3-4/B17a0-1-2, was
used as the starting structure. Distances between crosslinked Ca residues in
this region were constrained by imposing upper bounds for physical distances
at 11.0 A with a standard deviation of 0.1 A. In each scenario, 100 models
were generated and the structure with the lowest pairwise root-mean-square
deviation was chosen.

Results
Characterization of the HE-related L260P mutant

The effects of the aL.260P mutation on tetramer formation were
initially evaluated using a0-5 and (316-17 recombinant polypep-
tides in an isothermal titration calorimetry binding assay at 23°C
and 30°C. Isothermal titration calorimetry characterizes properties
of biomolecule interactions in solution, particularly the binding
affinity. We used this technique to measure the capacity of WT and
mutant recombinant fragments to form univalent associations at
the tetramerization site. Interestingly, this mutant exhibited binding
affinities that were similar to the corresponding WT peptides
(Table 1). Similarly, the Q471P mutant exhibited normal tetramer
binding affinity.?® In contrast, prior analyses of HE and HPP mu-
tations located within the a0 and 317 tetramerization binding site
showed reduced tetramer binding for most mutations when a similar
univalent tetramer binding assay was used.?' The normal binding
affinity for these distal mutants in univalent tetramer-binding assays
suggested the need for more complex recombinant constructs
capable of undergoing the entire set of interactions encountered in
full-length spectrin. A previous study demonstrated that a WT mini-
spectrin recombinant protein comprising «0-5 linked to 316-17
recapitulated tetramer binding and structural properties.*’ Specif-
ically, this mini-spectrin showed identical tetramer binding affinity
at 30°C to that of full-length spectrin purified from fresh human
erythrocytes, which had a dissociation constant (K,) of approximately
1 wM.*>* These similarities indicated the mini-spectrin was a suitable
template for studying distal mutations in a more physiological context
than provided by univalent head-to-head tetramer binding assays.
The relationships of full-length spectrin and the WT mini-spectrin
construct as well as the respective closed dimer < open dimer <
tetramer equilibria are shown in Figure 1. The locations of the L260P
(asterisk) and the Q471P (triangle) mutations are shown on the
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Figure 2. Structural properties of WT and L260P mini-spectrins. (A) Representative differential scanning calorimetry (DSC) scans of WT and L260P tetramers. DSC
analysis was performed in 10 mM sodium phosphate, 130 mM NaCl, and 1 mM Tris(2-carboxyethyl)-phosphine hydrochloride (TCEP) pH 7.4 using a scan rate of 30°C/h over
the temperature range of 20-90°C at a protein concentration of 0.5 mg/mL. (B) Representative circular dichroism (CD) results from WT and L260P tetramer. CD analysis was
performed in 10 mM sodium phosphate, 130 mM sodium fluoride, and 0.1 mM TCEP pH 7.4 using a protein concentration of 0.16 mg/mL. (C) CD analysis of WT and L260P
dimers at 0.18 mg/mL. (D) A total of 100 pmol mini-spectrin tetramer injected immediately after isolation at 4°C in 10 mM sodium phosphate, 130 mM sodium chloride, 0.1 mM
EDTA, 0.15 mM phenylmethylsulfonyl fluoride, 1 mM TCEP pH 7.0 (upper panel), and after 90 minutes’ incubation at 37°C (lower panel). (E) A total of 100 pmol mini-spectrin
dimers injected immediately after isolation at 4°C (upper panel) and after 90 minutes’ incubation at 37°C (lower panel).

mini-spectrin schematic. Both mutations are located at the end of
the C-helix immediately adjacent to the interdomain linker region
(Figure 1C). Because each spectrin type repeat (rounded rectangles)
is approximately 50 A in length, the L260P and Q471P mutations
are at least 100 A and 200 A, respectively, from the tetramer binding
site on the same polypeptide chain.

Using the mini-spectrin template, the L260P and Q471P mutants
were compared with the WT protein using sedimentation equilib-
rium, which is another technique used to measure binding affinities
of biomolecules. Sedimentation equilibrium is more appropriate than
isothermal titration calorimetry when the interacting species are very
large and of similar size, as is the case here, where 2 identical dimers
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Figure 3. Chemical crosslinking of mini-spectrin tetramers and dimers. (A)
SDS-PAGE gel showing the mini-spectrin samples before and after crosslinking with
EDC/NHS. The 60-minute time point is shown for each condition (complete time
courses are shown in supplemental Figure 3). (B-D) Asterisk indicates the location of
the L260P mutation, the dotted circle represents a distance of 50 A from the N
terminus end of the a0 helix that defines the maximum extension of the 20 residues
in the disordered “tail” preceding the a0 helix; blue lines indicate approximate locations
of crosslinks observed at 0°C and room temperature (RT); blue dots indicate sites to
which the a-N terminus was observed to be crosslinked at 0°C and RT. The red lines
represent crosslinks only observed at RT. (B) Crosslinks indicative of an open dimer
conformation. (C) Crosslinks indicative of a closed dimer conformation. Circles are
common to WT and L260P and + are specific to L260P. The red + is only observed at
RT. (D) Crosslinks specific to the L260P dimer.

form a tetramer. This technique was used to measure the bivalent
binding affinity of the WT and mutant mini-spectrins. The apparent
K4 of 1 uM for the WT dimer-tetramer association was confirmed
and an apparent K4 of 5 uM at 30°C was obtained for the L260P
mutant, indicating a fivefold weaker binding affinity. In contrast, the
Q471P mutant continued to exhibit binding affinity equivalent to
the WT protein in this divalent assay. Experiments performed at
23°C showed a similar trend of weaker binding affinity for L260P
compared with the WT or Q471P mini-spectrins, although for each
construct the binding affinity was stronger at the lower temperature
(Table 1; supplemental Figure 1), consistent with the known tem-
perature effects on tetramer formation of full-length spectrin.®” This
weaker binding affinity of the L260P mini-spectrin is consistent
with prior analyses of full-length spectrin isolated from L260P
erythrocytes, which showed normal amounts of total spectrin, but
a relative decrease in the tetramer to dimer ratio.*®

Thermal stability and secondary structural characteristics of the
WT and L260P proteins were determined using differential scanning
calorimetry (DSC) and circular dichroism. DSC measures temperature-
induced unfolding of protein domains and is therefore an indicator
of protein stability because more stable structures unfold at higher
temperatures. Representative DSC scans are shown in Figure 2A.
Scans of the WT protein showed 2 peaks, 1 with a melting temper-
ature (T,,) at 48°C (AH = 145 kcal/mol) and a second at 58°C
(AH = 144 kcal/mol). DSC scans of L260P also show 2 thermal
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transitions, the first at 48°C (AH = 133 kcal/mol) is similar to
WT, whereas the second transition shows a 2°C decrease in T,, and
a slight reduction in enthalpy (AH = 121 kcal/mol). Both proteins
precipitated during the course of the experiment, resulting in some
uncertainty in the T, and enthalpy values. The most likely inter-
pretation is that the higher melting domain, which corresponds to the
al-3 repeats,” is slightly destabilized, whereas there is not signi-
ficant perturbation of the lower melting domain, which corresponds
to repeats a4-5.3 Repeated thermal denaturation up to 50°C
shows that the a4-5 domains are able to unfold reversibly (sup-
plemental Figure 2) and irreversible protein aggregation only occurs
when the second domain denatures. The WT and L260P mutant
proteins exhibit high helical (~90%) content for both dimers and
tetramers, as indicated by circular dichroism (Figure 2B-C),
which measures secondary structure. The similar spectra for WT
and mutant proteins indicates that introduction of the L260P
mutation into the mini-spectrin construct did not significantly
affect the secondary structure, that is, the percentage of a-helix.

High-performance liquid chromatography gel filtration, which
separates proteins based on their solution size and shape (hydrody-
namic radius), was used to determine the relative amounts of tetramers
and dimers and potential shape changes induced by the L260P
mutation. The mini-spectrins were evaluated by incubating them at
37°C for varying times in physiological buffer. Purified dimer
fractions or tetramer fractions from either WT or L260P were
injected onto the high-performance liquid chromatography column,
which was maintained at room temperature (~20-23°C), immedi-
ately after purification or after incubation at 37°C for 45 (data not
shown) or 90 minutes (Figure 2D-E). No differences in elution profile
were noted for the 45- and 90-minute time points, indicating
equilibrium was achieved within 45 minutes at 37°C. This is in
agreement with previously published data for full-length spectrin
showing that dimer-tetramer equilibrium is achieved on the order
of 45 minutes at 37°C, on the order of hours at 23°C, and on the
order of many days at 4°C, further demonstrating the similarity of
the mini-spectrin and full-length protein in terms of tetramerization.*’
Critical evaluation of the equilibrated samples (Figure 2D-E,
lower panels) shows that the relative ratios of dimer and tetramer
are the same regardless of whether the initial purified sample was
tetramer or dimer, as expected for a reversible equilibrium. Further-
more, L260P contains a higher percentage of dimer than the WT
protein at the same concentration, consistent with the lower Ky
observed in the sedimentation equilibrium experiments. Finally,
the later elution of both the tetramer and dimer peaks for the
L260P protein indicate that the mutant protein is a more compact
and/or more flexible structure because later elution is indicative
of somewhat smaller hydrodynamic radii.

Chemical crosslinking of L260P and WT dimers and tetramers

L260P dimers and tetramers were chemically crosslinked with EDC/
NHS at 0°C and room temperature in parallel with WT controls.
This “zero-length” reaction covalently links amines (N terminus
a-amino group and e-amino group of Lys) to carboxyl groups
(C terminus carboxyl group, and side chain carboxyl groups of Asp
or Glu) that are within salt-bridging distances. Allowing for side
chain lengths, this requires that the a-carbons of the crosslinked
residues be within approximately 12 A. After the crosslinking reaction
was quenched, the samples were subjected to SDS-PAGE (Figure 3A;
supplemental Figure 3). The respective dimer or tetramer bands
from each time point were excised from the gel, subjected to tryptic
digestion, then analyzed on an LTQ-Orbitrap XL mass spectrometer.
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Figure 4. Quantitation of mini-spectrin dimer crosslinks. The intensity (log scale) of each crosslinked peptide is plotted for each time point as follows: m, WT 0°C; @, WT
RT; AL260P, 0°C; ¥, L260P RT. (A) Crosslinked peptides consistent with an open dimer conformation. (B) Crosslinked peptides consistent with a closed dimer conformation. (C)

Crosslinked peptides unique to L260P and consistent with a closed dimer conformation.

Characterization of crosslinks in L260P dimers

Chemical crosslinking coupled with MS allows identification of
closely associated amino acid side chains. In the case of the
crosslinker used here, an acidic and basic group must be within salt
bridge distances to react. Comparison of the crosslinks observed
and the amount (intensity) of each was used to estimate the relative
amounts of open or closed dimer in WT and L260P mini-spectrin
dimers and to identify conformational changes. The most informative
crosslinks for analyzing the L260P mutant were those indicative of
open dimers, indicative of closed dimers, or unique to the L260P
mutant. Three crosslinks were identified that were indicative of
an open dimer conformation (Figure 3B; supplemental Table 1).
Quantitation of these crosslinks (Figure 4A) showed that they
were observed with both WT and L260P dimers, and crosslink
VLETAEEIQER(a0)-VNILTDKSYEDPTNIQGK(1A) was only
observed at room temperature. Yields of the other 2 crosslinks were
higher at room temperature for both WT and L260P, consistent
with the prior observation that the closed <> open dimer equilibrium
shifts toward open dimers at higher temperatures.*® Nine crosslinks
consistent with closed dimers were observed (Figure 3C; supple-
mental Table 1). Six of these crosslinks were observed for both
WT and L260P (Figure 4B), whereas 3 were specific to L260P
(Figure 4C). All of the closed dimer-specific crosslinks involved
the N terminus of a-spectrin or a peptide from this flexible tail region,
which has been previously identified as a highly mobile, relatively
disordered region based upon nuclear magnetic resonance (NMR)
structures of a-spectrin recombinant fragments.*' Overall, yields of
most crosslinks indicative of closed dimers are higher for the L260P
mutant than for WT dimers; this, together with the more compact
hydrodynamic radius of the L260P dimer, suggests that this mutant

has substantially shifted the open < closed dimer equilibrium to-
ward the closed dimer state. Stabilization of dimers in the closed
conformation by the L260P mutation is further supported by mutant
dimer-specific crosslinks (Figure 3D), particularly the crosslink
between the a1 and a3 domains, which suggests that these 2 domains
more tightly laterally associate compared with WT closed dimers.
All other L260P dimer-specific variants are in the vicinity of the
mutation and are suggestive of substantial conformational changes
within a2 and between o2 and a3 (Figure 3D; supplemental Table 2).
Several representative spectra of L260P specific crosslinks are
shown in supplemental Figures 4-6.

Characterization of crosslinks in L260P tetramers

Chemical crosslinking-MS was also used to identify closely associated
residues in WT and L260P tetramers in order to identify changes in
protein conformation induced by the mutation. The most interesting
L260P mini-spectrin tetramer crosslinks are those unique to the
mutant. However, it is also informative that 25 of 35 crosslinks were
observed in both WT and L260P tetramers, indicating most regions
of the protein did not undergo significant conformational changes.
Analogous to results for the mutant dimer, most of the 10 mutant-
specific crosslinks involved the a2 domain that harbors the mutation
(supplemental Table 3). The 6 most informative crosslinks are
shown in Figure SA and Table 2. Importantly, 3 L260P-specific
crosslinks were between residues that were 43-76 A apart in the
WT protein, as illustrated by mapping these mutations onto a structure
of the WT tetramer (Figure 5B; representative spectra are shown in
supplemental Figures 7 and 8). This WT structure was used as a
template for modeling the structural changes indicated by these
crosslinks. It was not possible to derive a single stable structure
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F 80 1 WT Tetramer

M 1 model crosslink 1
704 B model crossiink 2

B model crosslink 1+2+3

1 2 3 4 5 6
crosslink

Figure 5. Long-range crosslinks unique to the L260P tetramer. (A) Schematic
representation of 6 key crosslinks (black lines in right half of model; these crosslinks
are repeated as gray lines in the left half of the model, which is a mirror image of the
right half) unique to L260P tetramers (Table 2). The colored region indicates repeats
used for modeling structural changes required to accommodate distance constraints
imposed by L260P-specific crosslinks. (B) A structural model of the colored region of
WT mini-spectrin. Locations of 3 L260P tetramer-specific crosslinks (Table 2; crosslinks
1-3) and the distances between the crosslinked residues in the WT structure are
highlighted. Crosslinked side chains are presented using spheres (blue, K; red,
D or E). (C-E) The light cyan WT tetramer model (B) is superimposed on alternative
L260P structures. (C) The model shown in orange was derived by applying the distance
constraint defined by crosslink 1 in panel B (residues 508-364). The black sphere shows
the location of the L260P mutation. (D) The model shown in blue was derived by applying
the distance constraint defined by crosslink 2 in panel B (residues 265-466). (E)
The model shown in red was derived by first applying crosslink 2 followed by crosslinks
1 and 3. (F) The distances between a-carbons for 6 key L260P tetramer-specific
crosslinked residues on the models are shown in panels B-E. The horizontal line at
12 A defines the expected maximum distance between a-carbons of residues
capable of being crosslinked by a zero-length crosslinking reagent.
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that satisfied the distance constraints for all crosslinks simulta-
neously. The most feasible ensemble of mutant structures is shown
in Figure 5C-E. Distances between the o-carbons of crosslinked
residues for the different models are shown in Figure SF. Taken
together, these data indicate that the region in the vicinity of the
mutation is unusually flexible and dynamic because it most likely
adopts multiple alternative conformations. All of these conforma-
tions preserve the high helical content, indicated by the circular
dichroism measurements, and all conformations involve a large
kink between a2 and a3 that is consistent with the smaller hy-
drodynamic radius observed in the L260P mutant compared with
the WT mini-spectrin (Figure 2D).

Discussion

Most HE and HPP patients have mutations in red cell spectrin that
destabilize tetramer formation; the resulting reduced number of
spectrin crosslinks bridging between junctional complexes weakens
the membrane skeleton. The most intriguing HE/HPP mutations
are those located substantial distances from the tetramerization
site because the mechanisms by which these distal mutations
reduce tetramer formation and destabilize red cell membranes are
not known. Because of the very large size of full-length spectrin
polypeptide chains, structural and functional analyses of hered-
itary anemia-associated mutations in the context of full-length
recombinant spectrin have been impractical. Thus, we developed a
mini-spectrin recombinant protein as a template to study properties
of mutant spectrin tetramerization in a more physiological context
than the more commonly used head-to-head univalent association
of individual a and B recombinant fragments. Importantly, this
mini-spectrin undergoes the open-closed dimer equilibrium and the
bivalent dimer-tetramer equilibrium with similar apparent tetramer
affinity to that of the full-length molecule.”’

Understanding the specific mechanisms underlying mutations
in erythrocyte spectrin and careful development of physiologically
pertinent mini-spectrins are critical for both understanding the
pathobiology of disease and for designing rationale strategies for
therapeutic interventions. Such strategies are being successfully
pursued for dystrophin and uterotrophin, which are large, membrane-
associated spectrin repeat—containing proteins associated with
muscular dystrophy.**** As with erythrocyte spectrin, their large
size makes them difficult to synthesize for biologic studies and
prohibits their use in most gene therapy vectors.** Furthermore,
mini-dystrophins have proven to be very promising in recent gene
therapy trials.**¢

The moderate perturbation in thermal denaturation (Figure 2A)
and the lack of significant changes in secondary structure
(Figure 2B-C) for the L260P mutation suggest that structural desta-
bilization is relatively minor and localized. These observations
are consistent with prior results using mild proteolysis to charac-
terize mutant spectrin from patients with HE and HPP because
proteolysis of spectrin from L260P patients showed protease
susceptibility only increased in the immediate vicinity of the
mutation.*®*7** The chemical crosslinking data also are con-
sistent with relatively moderate structural changes that are limited
to the vicinity of the mutation because all crosslinks observed in the
WT protein were also observed in the L260P mutant. The additional
crosslinks unique to the mutant were either indicative of the shift
toward closed dimers or in the vicinity of the mutation (Figures
3 and 5).
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Table 2. Key crosslinks unique to the L260P tetramer

BLOOD, 24 OCTOBER 2013 + VOLUME 122, NUMBER 17

Number Residue Crosslinked peptides* Spectrin domain MH+ Error (ppm) z
1 508-364 AHI(EE)LR-HEAFE[K]STASWAER a1C-B17B 2497.222 3.04 4
2 265-466 HEIDSY(DD)R-YQ[KJHQSLEAEVQTK a4B-a1B 2819.323 1.70 4
3 276-39 FQSADETGQ[D]LVNANHEASDEVR-TEVLHI[K]K a4B-a2B 3367.615 3.80 4
4 35-170 T[E]VLHK-AE[K]LTLSHPSDAPQIQEM#K a2B-a3B 2846.472 1.97 4
5 35-167 T[E]VLHK-ELCA[K]AEK a2B-a3B 1655.878 0.00 3
6 437-170 DA(DD)LGK-AE[K]LTLSHPSDAPQIQEM#K alA-a3B 2853.393 1.12 4

MH+, protonated molecular ion mass.

*[X], crosslinked residue; (X), ambiguous assignment crosslinked residue; #, methionine oxidation.

The crosslinking data yielded additional important insights into
changes in the tertiary conformation of the mutant dimers and
tetramers. Several mutation-specific crosslinks are of particular
interest. One crosslink between a1 and a3 indicates these 2 domains
are in closer proximity in the mutant dimer compared with WT,
consistent with the smaller hydrodynamic radius observed in gel
filtration experiments (Figure 2D). Also, structural modeling was
used to further explore the crosslinks observed in the L260P
tetramer that were long distances apart in the WT structure. These
mutant-specific crosslinks indicate substantial changes in the tertiary
structure in order to bring these residues into close enough proximity
for crosslinking to occur (Figure 5). Also, the inability to converge
on a single model that satisfied all distance constraints simulta-
neously suggests that the actual structure of the mutant protein is
most likely an ensemble of multiple conformations as shown in
Figure 5C-E.

The differences observed for the L260P and Q471P mutations
suggest that the mechanisms of tetramer destabilization are more
dependent upon the location within the spectrin molecule than on
analogous locations within different spectrin repeats. The differing
mechanisms for the L260P and Q471P mutants fit schematic
models of closed and open dimers (Figure 1B). As illustrated, the
closed-open dimer conformational rearrangement is likely to involve
flexing of hinges or other conformational rearrangements between
al and a2 as well as a2 and 3. Hence, it is not surprising that the
L260P mutation, which is located next to the a2-a3 connector,
affects the closed-open dimer equilibrium as demonstrated in this
study. In contrast, the Q471P mutation, which is located next to the
ad-a5 connector, does not significantly affect this equilibrium
because it is quite distal from the domains involved in the closed-
open dimer conformational changes. Taken together, these results
predict that other HE and HPP mutations located in the a-spectrin
domains 1-3 might destabilize tetramer formation by favoring closed

dimers, whereas mutations outside this region are likely to destabilize
red cell membranes by alternative mechanisms.
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