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ABSTRACT: Previous studies have shown that a single P327R point mutation in the cytoplasmic domain of
band 3 (cdb3) protein, known as band 3 Tuscaloosa, leads to a reduction in protein 4.2 content of the
erythrocyte membrane and hemolytic anemia. Recent studies have shown that this point mutation does
not dissociate the cdb3 dimer, nor does it lead to large-scale rearrangement of the protein structure (Bustos,
S. P., and Reithmeier, R. A. F. (2006)Biochemistry 45, 1026-1034). To better define the structural
changes in cdb3 that lead to the hemolytic anemia phenotype, site-directed spin labeling (SDSL), in
combination with continuous wave electron paramagnetic resonance (EPR) and pulsed double electron-
electron resonance (DEER) spectroscopies, has been employed in this study to compare the structure of
the R327 variant with wild type P327 cdb3. It is confirmed that the P327R mutation does not dissociate
the cdb3 dimer, nor does it change the spatial orientation of the two peripheral domains relative to the
dimer interface. However, it does affect the packing of the C-terminal end of helix 10 of the dimerization
arms in a subpopulation of cdb3 dimers, it leads to spectral changes at some residues inâ-strand 11 and
in the N-terminal end of helix10, and it produces measurable spectral changes at other residues that are
near the mutation site. The data indicate that the structural changes are subtle and are localized to one
surface of the cdb3 dimer. The spectroscopic description of structural features of the P327R variant provides
important clues about the location of one potential protein 4.2 binding surface on cdb3 as well as new
insight into the structural basis of the membrane destabilization.

In the resting state, human erythrocytes exhibit a biconcave
disk shape. During blood flow through the peripheral
circulation, erythrocytes must deform in order to traverse
the systemic capillaries (1). The membrane skeleton network
provides erythrocytes with the mechanical stability, deform-
ability, and elasticity to survive in circulation. Many
alterations in the composition and arrangement of the
membrane skeleton proteins cause hereditary hemolytic
anemia (reviewed in ref2). Generally, defects in the

“horizontal” interactions of membrane skeleton components,
such as loss of spectrin heterodimer/heterotetramer associa-
tions (3) and deficiency of protein 4.1 (4-6), result in
hereditary elliptocytosis (HE) and hereditary pyropoikilo-
cytosis (HPP). Defects in the “vertical” interactions of
membrane skeleton components, such as an abnormal band
3-ankyrin-spectrin junction (7, 8), are often associated with
hereditary spherocytosis (HS)1 (9, 10).

The incidence of HS is one family of 2000-3000. Among
Caucasians, approximately 15-20% of HS cases result from
band 3 defects (8). In these HS patients, erythrocytes adopt
different degrees of spherical shape with decreased cell size
instead of the normal biconcave disk shape. These spherical
erythrocytes are more osmotically fragile and less deformable
than normal cells (7, 11). Mutations causing HS have been
mapped to genes SPTA1, SPTB, ANK1, EPB42 and
SLC4A1, encoding spectrinR-chain, spectrinâ-chain, ankyrin,
protein 4.2, and anion exchanger 1 (AE1, also known as band
3), respectively (8).

Band 3 is the most abundant integral membrane protein
in human erythrocytes (12). It is composed of two structurally
and functionally distinct domains (13-15). The C-terminal
transmembrane domain forms an anion exchanger that
facilitates the exchange of bicarbonate and chloride anions
across the membrane (11, 16, 17). The N-terminal cytoplas-
mic domain of band 3 (cdb3) functions as an anchoring
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component for other peripheral membrane-associated proteins
(18). The protein complex of cdb3, ankyrin (19), protein 4.2
(19, 20), and protein 4.1 (21) together with the spectrin-
actin membrane skeleton network plays an important role
in maintaining erythrocyte shape and mechanical stability
(22-24) and providing flexibility and elasticity (25, 26).

A considerable number of band 3 mutations (more than
40) associated with HS have been identified and sequenced
including missense mutations, nonsense mutations, frame-
shifts, insertions, and deletions. Most of these are sporadic
mutations and dominantly inherited (8, 11, 27). Among these
mutations, band 3 Tuscaloosa (P327R) is very interesting.
The clinical phenotype of P327R is atypical HS with
moderate hemolytic anemia. The erythrocyte membrane has
a partial (29( 5%) deficiency of protein 4.2. The binding
of ankyrin to inside-out vesicles (IOVs) prepared from
peripheral venous blood is in the normal range. In contrast,
the predicted maximal binding capacity of these IOVs for
protein 4.2 decreases 20-33% (28).

The crystal structure of wt-cdb3 (residues 55-356) has
been determined at pH 4.8 (29). Previous work has shown
that the structure determined at this low pH agrees very well
with the structure in solution at pH 7 as revealed by site-
directed spin-labeling (SDSL) studies (30). The cdb3 struc-
ture at atomic resolution greatly facilitates localization of
HS-causing mutations, which have normal expression levels
but abnormal function (31). Proline 327 is located in the loop
region on the highly conserved dimerization arm (304-357)
(29). Recent studies on the P327R mutation indicated that
isolated cdb3 maintained its overall protein fold and dimeric
state, but exhibited slightly reduced thermal stability (32-
34). To better understand this alteration in stability and the
structural basis for the HS phenotype, SDSL studies have
been carried out in this work. Experiments combining
conventional cw-EPR and pulsed-double electron-electron
resonance (DEER) were conducted on selected single cys-
teine cdb3 proteins with the P327R mutation. The data from
these studies confirm that substitution of arginine for proline
327 subtly destabilizes cdb3 as reflected in a moderate
decrease in melting temperature without inducing dimer
dissociation. No global structural changes in the peripheral
domains of the cdb3 dimer or in their spatial arrangement
were detected. Structural disturbances caused by the P327R
mutation localize to one surface of the cdb3 dimer in the
vicinity of the point mutation. The results demonstrate that
even subtle structural perturbations caused by point mutations
in cdb3 can lead to reduced protein 4.2 binding and to the
HS phenotype. Portions of this work have appeared as an
abstract (32).

EXPERIMENTAL PROCEDURES

Cloning and Site-Directed Mutagenesis.The full-length
AE1 DNA was kindly provided by Dr. Robert Gunn (Emory
University). The cdb3 gene encoding residues 1-379 of AE1
was amplified using Pfu DNA polymerase (Stratagene, La
Jolla, CA) with the N-terminal (forward) primer ACGGGA-
ATTCCATATGGAGGAGCTGCAGGATGATTATG and the
C-terminal (reverse) primer TCACACCGCTCGAGTTATT-
AGAAGAGCTGGCCTGTCTGCTG (IDT DNA, Coraville,
IA). The PCR product was cloned into the pET-19b vector
(Novagen, Madison, WI) between theNdeI and XhoI sites,

named pZZ3_WT. The cysteineless mutant (pZZ3), the
cysteineless P327R mutant (pZZ4), and single-cysteine
mutants were constructed using the QuikChange Site-
Directed Mutagenesis Kit (Stratagene). The sequences of all
mutants were confirmed by DNA sequencing.

Protein Expression, Purification, and Spin Labeling.pZZ3
and pZZ4 plasmids were transformed into BL21 Gold (DE3)
Escherichia colicompetent cells (Stratagene). Expression of
cdb3 was followed by the autoinduction protocol developed
by Studier (35). Briefly, overnight starter cultures were grown
in PA-0.5G at 37°C. Starter cultures (200µL) were used to
inoculate 200 mL of ZYP-5052 for overnight autoinduction
(14 h). Typically, saturation (A600 ) 4.8-7.0) was reached
in about 10 h at 37°C. Additional incubation for 4 h
maximized lactose autoinduction. His-tagged cdb3 purifica-
tion was carried out using Ni-NTA resin as described by
the manufacturer (Qiagen, Valencia, CA). For some mutants,
the N-terminal His tag was cleaved using the Enterokinase
Cleavage Capture Kit (Novagen). Protein concentration was
determined by absorption at 280 nm using an extinction
coefficient of 33000 M-1 cm-1. Protein yield was∼8 mg
per 200 mL of culture. Protein purity, as assessed by SDS-
PAGE, wasg95% for all samples studied. Single-cysteine
mutants were spin-labeled with a 10-fold molar excess of
MTSSL [(1-oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-methyl)
methanethiosulfonate spin label, Toronto Research Chemi-
cals, North York, ON, Canada] in the dark at room
temperature for 2 h and then at 4°C overnight. Unreacted
spin label was removed by diluting and reconcentrating
samples four times in an Amicon Ultra-4 centrifugal filter
device (30K nominal molecular weight limit, Millipore,
Bedford, MA) with a buffer containing 20 mM NaH2PO4,
100 mM NaCl, and 1 mM EDTA, pH 6.8.

Cw-EPR Measurements.X-band (9.8 GHz) cw-EPR
spectra were collected on a Bruker EMX spectrometer
equipped with a TM110 or an ER4123D resonator (Bruker
Biospin, Billerica, MA) at room temperature as described
in detail in previous work (30).

SolVent Accessibility.Solvent accessibility of individual
spin-labeled residues was measured empirically on samples
diluted to 100µM spin concentration in 20 mM NaH2PO4,
100 mM NaCl, and 1 mM EDTA, pH 6.8. NiEDDA was
added at a final concentration of 5 mM. The accessibility
parameters reported provide an assessment of the steric
packing of residues in the vicinity of the spin label as
discussed extensively in recent work (36). Samples were
purged of molecular oxygen by flowing nitrogen gas over
the sample contained in a TPX capillary for 15 min prior to
and during measurements. A 25 G scan of the central
resonance line for each mutant was carried out using a 1 G
modulation amplitude of 100 kHz frequency in an ER4123D
dielectric resonator (Bruker Biospin). A total of 24 scans
were recorded at microwave powers ranging from 1 to 200
mW (1 dB attenuation/step). Data were analyzed by nonlinear
least-squares curve fitting using Origin 6.1 software (Orig-
inLab Corp., Northampton, MA) as described in previous
work (30). The NiEDDA accessibility was calculated by
using the equation

Ac(NiEDDA) )
P1/2(NiEDDA) - P1/2(N2)

∆H0
(1)
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where Ac is the accessibility,P1/2 (NiEDDA) is the half-
saturation power in the presence of 5 mM NiEDDA,P1/2

(N2) is the half-saturation power in the absence of NiEDDA,
and∆H0 is the central line width (37, 38).

DEER Measurements.Long-range nitroxide-nitroxide
distances were measured by DEER spectroscopy. DEER
experiments were performed at X-band using a Bruker E680
X/W-band instrument (Bruker Biospin) at the National High
Magnetic Field Laboratory (Tallahassee, FL) or on an in-
house Bruker E580 X-band instrument using a standard four-
pulse sequence (39). For DEER measurements, spin-labeled
cdb3 dimer samples ranged from 75 to 300µM in spin-label
concentration as measured by the doubly integrated intensity
of the room temperature cw-EPR spectrum compared to a
standard of known spin concentration. All samples contained
30% (w/w) glycerol. All DEER experiments were performed
at 65 K using a 1 msshot repetition time and a 16 ns 90°
pulse width in an overcoupled dielectric resonator (ER
4118X-MD5, Bruker Biospin). The 180° ELDOR pulse was
32 ns wide at 70 MHz frequency offset. DEER data were
analyzed using the DeerAnalysis 2006 software made avail-
able by G. Jeschke [Max Planck Institute for Polymer
Research, Mainz, Germany (40-42)] assuming either a
single or a double Gaussian distance distribution given by
the formulas

RESULTS

Effect of the P327R Mutation on the Local Structure and
Spatial Arrangement of the Peripheral Domains of Cdb3.
The cdb3 dimerization domains have a high degree of
homology among species with four proline residues at
positions 322, 323, 327, and 337 conserved in chicken, rat,
mouse, frog, dog, horse, and human erythrocyte band 3. It
has been suggested that substitution of an arginine for one
of these conserved prolines might result in dissociation of
the cdb3 dimer (28, 31). Recent data from native gel
electrophoresis (32) and ultracentrifugation (33, 34) have
indicated that the P327R mutation does not alter the
oligomeric state of wt cdb3, and CD has shown that there
are no major changes in secondary structure (34). To
investigate the effects of the P327R substitution on the local
structure of the two peripheral domains of the cdb3 dimer
and their spatial arrangement in more detail, SDSL coupled
with electron paramagnetic resonance (SDSL-EPR) was
employed on the cys-less-cdb3 background with the P327R
mutation. A series of single-cysteine mutants were expressed,
purified, and spin-labeled with MTSSL (Figure 1) to yield
the spin-labeled side-chain designated R1 (43).

A total of 11 sites along the surface of the peripheral
domains proximal to the dimer interface were chosen for
initial characterization (Figure 2). The EPR signals at all 11
sites are remarkably similar between the P327 and R327
backgrounds. These results demonstrate that the P327R
substitution does not significantly affect the local structure,
as reflected in side-chain mobility, at any of the selected

sites on the two peripheral domains. The spectra from
L108R1 show the same strong intermonomer spin-spin
coupling between the R1 side chains with both the P327 and
R327 backgrounds. This result demonstrates that cdb3-R327
is dimeric as reported in previous work (34) and that the
spatial separation and relative orientation of the two interact-
ing R1 side chains at this site are the same in both samples.
Collectively, the data in Figure 2 show that the R1 side chains
at 11 separate positions are in essentially indistinguishable
local environments under the two backgrounds. Therefore,
the structure of an extensive region of the peripheral domain
does not appear to be affected by the P327R point mutation.
This conclusion is supported by EPR data at additional sites
in the peripheral domain as summarized in Figure 9.

On the basis of the static crystal structure of cdb3 (29),
the intradimer distances between the R1 side chains at all
positions shown in Figure 2 except for L108R1 and R112R1
are predicted to be in the 18-50 Å range and, consequently,
not readily measurable by cw-EPR. Therefore, the average
interprobe distances and the corresponding distance distribu-
tions at the remaining nine sites were determined by DEER
as shown in Figure 3. The data from all nine sites show
conclusively that cdb3 remains dimeric and that the average
interprobe distances are remarkably similar between the P327
and R327 backgrounds. These results argue against any
significant rearrangement in the relative spatial disposition
of the two peripheral domains as a result of the P327R
mutation. Even though changes in the average interprobe
distances were small (<3 Å) at all sites, changes in the widths
of the recovered distance distributions at some sites (e.g.,
96 and 199) were observed as shown in Figure 3 (bottom
panel). These observations will be considered in greater detail
under Discussion.

Effect of the P327R Mutation on the Local Structure and
Spatial Arrangement of the C-Terminal End of Helix 10 at
the Dimer Interface of Cdb3.P327 is located in the loop
(residues 324-327), which connectsâ-strand 11 (residues
318-323) andR-helix 10 (residues 328-347) at the dimer
interface. Therefore, it is in a position that could contribute
significantly to the structure and dynamics of the dimer
interface. Therefore, R1 side-chain mobility and solvent

P(R) ) 1

x2πσ
e-(R-R0)2/2σ2

(2)

P(R) )
(1 - x)

x2πσ1

e-[R-(R0)1]2/2σ1
2
+ x

x2πσ2

e-[R-(R0)2]2/2σ2
2

(3)

FIGURE 1: Protein labeling with MTSSL. The reaction of cysteine
with MTSSL yields the spin-labeled side chain denoted R1. The
dihedral anglesø1 throughø5, which relate the spin label moiety to
the protein backbone, are defined in accordance with the previous
literature (55).
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accessibility at sites 337-348 were measured as shown in
Figures 4 and 5.

The EPR spectra from sites 337-348 were almost
indistinguishable in the P327 and R327 backgrounds except
at 339, 340, 343, and 346 as shown in Figure 4. Interestingly,
each of the sites that showed spectral changes lies on the
same face of helix 10 that is packed in close proximity to
helix 9 from the same monomer and to the loop region
betweenâ-strand 11 and helix 10 of the other monomer and,

hence, is shielded from solvent exposure. These residues are
shown as pink spheres in the structure at the top of Figure
4. The approximate 3.6 residue periodicity of side-chain
mobility, as reported previously for the P327 background
(30), is evident for the R327 background as well indicating
that this section of helix 10 remains intact and that ap-
proximately the same surface of the helix makes tertiary/
quaternary contacts with the underlying structural elements.
The data indicate that even though there does not appear to
be any measurable rigid body rotation of this portion of helix
10, there are subtle changes in the way that residues 339,
340, 343, and 346 interact with helix 9 and/or the loop of
the adjacent monomer. The large spectral change observed
at residue 339 is most likely due to a direct side-chain
repacking effect resulting from replacing P327 with R327
rather than a displacement of the entire helix as discussed
more fully below.

Figure 5 shows the parametrized data for accessibility of
the R1 side chain at sites 337-348 to the water-soluble
paramagnetic broadening agent NiEDDA. The data from the
P327 background, shown in solid squares in Figure 5, exhibit
the expected 3.6 residue periodicity in solvent accessibility
for a surface-exposedR-helix. Moreover, residues 339, 342,
and 346 show the lowest solvent accessibility, in excellent
agreement with the packing interface of this surface-exposed
helix in the crystal structure as described in previous work
(30). The data from the R327 variant, shown as open squares
in Figure 5, follow the general trend of P327 from residue
337 to 342. However, from residue 343 through 347, there

FIGURE 2: EPR line shapes of P327 and R327 forms of cdb3 at
selected residues on the peripheral domains. (Top) Ribbon diagram
of the cdb3 dimer. R1 side chains at positions 84 (red), 96 (green),
105 (dark blue), 108 (yellow), 112 (purple), 116 (light blue), 142
(dark green), 199 (pink), 208 (blue), 277 (orange), and 290 (medium
blue) are marked as spheres on theR-carbons. (Bottom) Direct
comparison of EPR line shapes obtained from P327 cdb3 (red line)
and R327 mutant (black line) backgrounds. The spectra are
normalized to the same amplitude for easy comparison. The spectral
widths for all samples are 100 G except for L108R1, which is 200
G, and S290R1, which is 150 G.

FIGURE 3: Comparison of DEER results at sites on the peripheral
domains of wt P327 and variant R327 backgrounds. (Top)
Experimental DEER data (dots) obtained from wt P327 (upper)
and variant R327 (lower) backgrounds at residue 290. The
continuous black lines in each display are the best fits to the
experimental data using a single Gaussian distribution of interprobe
distances. (Middle) Histogram showing average interprobe distance
determined at each site for the wt P327 (black bars) and variant
R327 (white bars) backgrounds using a single Gaussian distribution
of distances. (Bottom) Histogram showing the widths of the
corresponding distance distributions at each site.
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are noticeable differences in solvent accessibility, particularly
at residues 343, 346, and 347. It is interesting to note that
the EPR data in Figure 4 showed changes in side-chain
dynamics at residues 343 and 346. At residue 343, the P327R
mutation resulted in the enhancement of a highly im-
mobilized component in the spectrum, indicative of increased
tertiary/quaternary contact. Conversely, at residue 346, the
P327R mutation resulted in reduction of a highly im-
mobilized component, indicative of decreased tertiary/
quaternary contact at this site. These observations agree with
the differences in solvent accessibility determined at these
sites. The data in Figures 4 and 5 suggest that there are subtle
changes in the packing and interactions of the C-terminal

end of helix 10 in the R327 variant. These observations alone
do not provide any insight into whether the local structure
of all dimers in the ensemble is affected or whether the
observed changes are due to generation of a heterogeneous
structural distribution.

To further characterize structural changes resulting from
the P327R mutation, DEER experiments were carried out
to measure the intermonomer nitroxide-nitroxide distances
between residues 340-345 as shown in Figure 6. At all
six sites the average interprobe distances for the P327 and
R327 backgrounds, which were determined by fitting the
experimental data to a single Gaussian distribution, agreed
to within 0.3-3.4 Å. There are no systematic changes in
interprobe distances indicative of rotation or translation of
the entire helix. These results support the conclusion that
the P327R mutation does not lead to any large-scale
alterations in the apparent relative spatial orientation of the
two helices in the cdb3 dimer. However, at sites 340, 342,

FIGURE 4: EPR line shapes of P327 and R327 forms of cdb3 at
residues 337-348 on helix 10 of the dimerization arm. (Top)
Ribbon diagram of the cdb3 dimer with one subunit in red and the
other in blue. R1 sites at residues 339, 340, 343, and 346 where
changes in the EPR spectra are observed are shown as pink spheres
on theR-carbons. Other labeled sites are shown as green spheres.
The side chain of P327 is shown in yellow. (Bottom) Comparison
of EPR line shapes from wt P327 (red line) and variant R327 (black
line) forms of cdb3. The spectra are normalized to the same
amplitude for comparison. The spectral widths for each sample are
100 G.

FIGURE 5: NiEDDA accessibility of the R1 side chain from sites
337-348. The filled squares are measured NiEDDA accessibilities
of wt P327 cdb3 from residues 337R1 to 348R1. The open squares
are the measured NiEDDA accessibilities of the P327R variant from
337R1 to 348R1.

FIGURE 6: Comparison of DEER results at sites 340-345 on helix
10 of the dimerization arms with wt P327 and variant R327
backgrounds. (Top) Experimental DEER data (dots) obtained from
wt P327 (upper) and variant R327 (lower) backgrounds at residue
340. The continuous black lines in each display are the best fits to
the experimental data using a single Gaussian distribution of
interprobe distances. (Middle) Histogram showing the average
interprobe distance determined at each site for the wt P327 (black
bars) and variant R327 (white bars) backgrounds using a single
Gaussian distribution of distances. (Bottom) Histogram showing
the widths of the corresponding distance distributions at each site.
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343, and 345, the P327R mutation resulted in a change in
the width of the recovered distance distributions by a factor
of g1.3.

The DEER data from sites 340-345 were reanalyzed using
a bimodal Gaussian distribution of distances as summarized
in Table 1. As shown in Figure 7, the data from site 342 on
the P327 background led to the recovery of a single major
population with the same average interprobe distance and
distance distribution that were recovered using a single
Gaussian distribution of distances. With the R327 variant,
the bimodal fit to the DEER data at site 342 was visibly
better than that to the single-site model as indicated by the
residuals in Figure 7. Moreover, the bimodal fit indicated
the existence of a second component of approximately 30%
of the total integrated amplitude, which exhibited a longer
average interprobe distance and a much broader distribution
of distances. This same level of structural heterogeneity was
identified when the DEER data were reanalyzed using the
model-independent Tikhonov regularization approach (data
not shown). Similar results were obtained at sites 340 and
343 as summarized in Table 1. At sites 340, 342, and 343,
between 52 and 67% of the total integrated signal amplitude
was described by the same average interprobe distance and
distribution of distances that were observed in the P327
background. Refitting of the DEER data for wt and P327R
at sites 341, 344, and 345 using a bimodal distribution of
distances did not result in a visibly better fit of the data
compared to a single Gaussian distribution. This is not
unexpected given the very broad distribution of distances
observed at these sites and, hence, a relatively featureless
echo amplitude modulation pattern. These observations
suggest that the P327R mutation alters the dimer interface
sufficiently to allow a subpopulation of helix 10 to adopt an
altered packing arrangement.

Effect of the P327R Mutation on Residues in Helix 9,
â-Strand 11, and the N-Terminal End of Helix 10 of Cdb3.
The dimerization arms includeR-helix 9 (304-316),â-strand
11 (318-323), R-helix 10 (328-347), and residues con-
necting these secondary structure elements in each subunit
(29). From the crystal structure of wt cdb3, two major
interactions at the dimer interface exist. Twoâ-strands 11
(318-323), one from each monomer, form an antiparallel

â-sheet, which contributes 8 intermonomeric backbone-to-
backbone hydrogen bonds. A hydrophobic core of 9 interact-
ing leucine residues (fromR-helices 10,â-strands 11) also
stabilizes the dimer configuration (29). To determine if the
P327R mutation disrupts these critical interactions, residues
312 and 313 at the C-terminal end of helix 9, residue 321
on â-strand 11, and residues 329, 332, and 333 on the
N-terminal end of helix 10 were separately converted to the
R1 side chain and their EPR spectra characterized as shown
in Figure 8. At positions 312 and 313, the data from the
P327 and R327 backgrounds were identical. At L321R1, the
major spectral component on both P327 and R327 back-
grounds is severely broadened due to spin-spin interactions
(<10 Å) between the two nitroxides at the dimer interface.
However, there is a second minor component with the R327
variant, marked by the arrows in Figure 8, that exhibits a
splitting of almost 200 G indicative of very strong spin-

Table 1: Comparison of Single and Double Gaussian Distance
Distribution Analyses of DEER Data for Residues 340-345 in the
Wild Type (wt) P327 and Variant R327 Proteinsa

one site two site

residue protein
R0

(Å)
σ

(Å) ø2
(R0)1

(Å)
σ1

(Å)
(R0)2

(Å)
σ2

(Å) x ø2

340 wt 34.6 0.9 5.4 34.7 1.1 29.8 2.1 0.87 5.2
variant 32.6 3.1 4.6 34.5 1.1 26.7 4.1 0.39 4.4

341 wt 30.4 4.4 4.7 34.9 1.2 26.3 4.6 0.60 4.2
variant 35.2 2.7 3.5 35.9 1.7 34.0 4.4 0.49 3.5

342 wt 24.3 1.2 1.7 24.3 1.2 78.8 4.8 0.01 1.7
variant 25.9 3.9 2.3 24.9 1.7 31.1 9.7 0.33 2.1

343 wt 34.1 2.1 3.1 32.5 1.3 35.5 1.3 0.47 3.1
variant 32.3 3.8 3.2 34.9 2.1 28.8 3.6 0.48 3.1

344 wt 37.6 4.6 3.7 33.0 1.1 39.2 3.6 0.25 3.7
variant 37.1 5.5 4.2 38.9 3.7 18.7 0.4 0.19 3.8

345 wt 36.6 9.1 7.8 15.0 0.4 38.0 7.9 0.87 7.5
variant 36.7 6.9 5.4 36.0 5.0 62.0 0.4 0.13 4.5

a Fit parameters are defined in eqs 2 and 3. Theø2 values give the
sum of the squared residuals of the fits versus the data.

FIGURE 7: Analysis of DEER data at residue 342 of the dimerization
arm. (Top) Experimental DEER data (dots) obtained from wt P327
(upper) and variant R327 (lower) backgrounds at residue 342. The
continuous blue and the red lines superimposed on the experimental
data are the best fits using a single Gaussian and a double Gaussian
distribution of interprobe distances, respectively. (Middle) Residuals
of the fits using a single Gaussian distribution of distances (left
column) and a double Gaussian distribution of distances (right
column). (Bottom) Recovered distribution of distances using a single
Gaussian (blue solid line) or a double Gaussian (red dotted line)
model for wt P327 (lower left) and variant R327 (lower right) cdb3.
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spin interactions in a subpopulation of cdb3. The EPR data
at positions 329R1, 332R1, and 333R1, on both backgrounds,
show the same spectral components but with slightly different
relative intensities. These observations provide direct evi-
dence that the P327R mutation does not cause major
disruption of important backbone-to-backbone hydrogen
bonds and hydrophobic interactions at the dimer interface.
Subtle EPR line shape changes between the P327 and R327
proteins were detected at sites 321R1, 329R1, 332R1, and
333R1. From the crystal structure of wt cdb3, CR-CR
distances between P327 and E312, G313, L321, E329, L332,
and L333 within one subunit are approximately 32, 30, 13,
6, 9, and 10 Å, respectively. TheR-carbons of E312 and
G313 are closer to theR-carbon of P327 from another

monomer with distances of 24 and 21 Å. These data suggest
that the perturbation of making the P327R mutation is
localized to residues close to site 327 (a radius of∼10-12
Å) in the dimerization arm.

DISCUSSION

Clinically, the P327R mutation leads to an HS phenotype
with moderate hemolytic anemia. Erythrocyte membranes
show normal levels of AE1, normal ankyrin binding, and a
29% reduction in the content of protein 4.2 (28), suggesting
that this point mutation may produce the HS phenotype by
altering the binding affinity of protein 4.2 via changes in
the structure of cdb3. Previous work by Bustos and Rei-
thmeier (34) showed that the P327R mutation did not
dissociate the cdb3 dimer, that the overall secondary
structure, as reported by CD, was unaltered, and that the urea
denaturation profile was also unaltered. However, there was
a modest reduction in thermal stability with the P327R
variant exhibiting a 5° decrease in melting temperature in
agreement with the work of Zhou et al. (32). Whereas these
previous studies showed conclusively that the P327R muta-
tion did not produce large changes in the overall structure
of the cdb3 dimer, they did not have the resolution to probe
which regions of the protein were affected by the point
mutation.

Site-directed spin labeling has emerged as a powerful
technique for probing the structural consequences of various
perturbations including disease-causing point mutations as
discussed in recent reviews (44-46). SDSL is particularly
powerful when a static crystal structure has been solved, and
therefore logical choices can be made regarding where to
incorporate R1 side chains in order to probe specific
structural features. In the current studies, SDSL has been
utilized, in conjunction with the crystal structure of wt-cdb3
(29), to incorporate R1 side chains at specific positions in
order to address two overriding questions. First, does the
P327R mutation cause any significant change in the global
structure of cdb3 as reflected in the peripheral domains or
in their relative orientation? Second, does the P327R
mutation affect the structure and spatial arrangement of
residues near the mutation site in the dimerization arms of
the cdb3 dimer?

The proline side chain is unique among the naturally
occurring amino acids. It is often observed to be a helix
breaker (47) due to the rotational restriction of the N-CR
bond, the steric effect of the pyrroline ring, and the lack of
an amide NH hydrogen bond donor. Proline also has a high
propensity as a helix-capping residue (48) as well as a
connecting residue inâ-turns and in loop regions (49, 50).
Given the positioning of P327 as the N-terminal cap for
R-helix 10 and its location at the end of the loop that connects
â-strand 11 andR-helix 10 at the dimer interface of cdb3,
the P327R point mutation potentially could result in signifi-
cant structural changes as discussed in previous work by Low
and co-workers (29). One type of structural change that is
possible without any change in secondary or quaternary
structure is a twisting or rotation of the two peripheral
domains relative to the dimer interface. To test this pos-
sibility, 11 separate sites along the surface of the peripheral
domain that is proximal to the pseudoC2 axis were chosen
for incorporation of the R1 side chain as shown in Figure 2.

FIGURE 8: EPR spectra of wt P327 and variant R327 cdb3 at
selected sites in the dimerization arms. (Top) Ribbon structure of
the cdb3 dimer with the selected R1 sites highlighted as spheres
on theR-carbons: 312 (magenta), 313 (pink), 321 (green), 329
(cyan), 332 (gray), and 333 (tan). The P327 side chain is shown in
yellow. The bottom panel shows EPR line shapes from wt P327
(red line) and variant R327 (black line) cdb3. The spectra are
normalized to the same amplitude for easy comparison. The spectral
widths for sites E312R1, G313R1, and E329R1 are 100 G, the
spectral widths for E332R1 and L333R1 are 200 G, and the spectral
width for E321R1 is 300 G. The black arrows indicate a new
spectral component observed for the R327 variant at residue 321.

10254 Biochemistry, Vol. 46, No. 36, 2007 Zhou et al.



The EPR line shapes at all 11 sites were almost identical
between the P327 and R327 backgrounds. This shows that
the secondary and tertiary structures, as reported by R1 side-
chain dynamics, are not significantly altered by the P327R
mutation. The DEER data in Figure 3 indicate that the
mutation also does not dramatically affect the quaternary
structure of the cdb3 dimer because the average interprobe
distances at all sites were remarkably similar. Any rigid body
twisting or rotation of the two peripheral domains would lead
to systematic changes in interprobe distances that would be
easily recognizable. Interestingly, subtle changes in the
widths of the distance distributions were observed at some
residues, including 96 and 199 as shown in Figure 3, although
the average distances are virtually identical. These sites are
both close, in three-dimensional space, to the site of the point
mutation, suggesting that the structural changes are highly
localized.

To further identify the structural changes, residues 337-
348 in helix 10 were individually converted to the R1 side
chain and the EPR spectra characterized. The data in Figure
4 show that all of the sites that are surface exposed give
identical EPR spectra in the two backgrounds. All sites that
are buried or at tertiary/quaternary contacts remain highly
constrained with regard to side-chain dynamics, but the EPR
spectra are altered at residues 340, 343, and 346 as a result
of the point mutation. The periodicity observed in the data
with every third to fourth residue highly constrained by
packing interactions indicates that the helix remains intact
and that there is no detectable rigid body rotation of the helix.
Taken at face value, the data at residue 339 suggest that there
could be an 8 Å lateral displacement of helix 10. Specifically,
analysis of the data in the P327 background using a tether-
in-a-cone model (51) indicated an interprobe distance of 14.7
Å (30), whereas analysis of the data in the variant R327
background using a convolution approach (52) indicated an
interprobe distance on the order of 23 Å. Because none of
the residues from 340 to 345 in Figure 6 indicates a similar
helix displacement, the data at residue 339 most likely arise
from a repacking of the R1 side chain in the R327 variant.
This interpretation is supported by inspection of the static
crystal structure, where it is seen that the side chain of residue
327 is very close to the modeled R1 side chain at position
339. Therefore, the nonconservative substitution of the
charged arginine residue for proline at position 327 could
favor an alternate packing arrangement for the R1 side chain
at residue 339. It is also possible that this point mutation
could favor repacking of the native glutamine residue at
position 339, although these studies cannot readily address
this possibility.

When the DEER data from residues 340-345 in Figure 6
were initially analyzed in terms of a single Gaussian
distribution of distances, it appeared that the major effect of
the P327R mutation was a broadening of the distance
distributions at residues 340, 342, 343, and 344 and an
apparent narrowing of the very broad distance distribution
at residue 345 with only minimal changes in the average
interprobe distances (Table 1). However, when the data were
reanalyzed using a double Gaussian distribution of distances
(Table 1) or by Tikhonov regularization (data not shown), it
was observed that at some sites, including residues 340, 342
(Figure 7), and 343, the fits to the data were visually
improved as compared to a single Gaussian distribution of

distances. This is readily appreciated by inspection of the
residuals to the fits at residue 342 in Figure 7, where the
single Gaussian distribution misses important oscillations in
the modulation pattern of the echo amplitude. The same
pattern of residuals was observed for the single and double
Gaussian fits at residues 340 and 343 (data not shown).

The solvent accessibility data in Figure 5 indicate that the
C-terminal end of helix 10 is packed differently in the R327
variant. This change in solvent accessibility could have arisen
from a repositioning of the helix in all members of cdb3 in
the ensemble. Alternatively, the point mutation could have
resulted in repositioning of the helices in only a subpopu-
lation of the ensemble. The DEER data at positions 340,
342, and 343 suggest that the latter explanation is likely to
be correct. Because the DEER data are recorded at 60 K,
different structures present in solution should be trapped in
the frozen state. The DEER data indicate that a second minor
population is produced by the point mutation. It should be
emphasized that the cw-power saturation methods employed
to measure solvent accessibility in this work do not have
the capability to detect multiple structural species with
different accessibilities. Instead, the values determined are
average accessibilities for all species present. Further tests
of the validity of the two population model predicted from
the DEER data will require more sophisticated methods for
measuring solvent accessibility such as pulsed saturation
recovery where theT1e values for all species present are
measured directly (53). The important overall point to be
made with regard to the current study is that the data in
Figures 5-7 indicate that the P327R mutation leads to greater

FIGURE 9: Mapping the sites of EPR spectral changes onto the
crystal structure of cdb3. The red and black residues highlight the
sites that were characterized by SDSL including the 11 residues
shown in Figure 2, the 12 residues shown in Figure 4, and the 6
residues shown in Figure 8. Data are also included for residues
127-130, 132, 133, 135-137, 195, 293, 294, 304, 308, 314, 317,
319, 324-326, 328, 330, 352, and 355. Red residues showed
spectral changes (i.e., changes in side-chain mobility, side-chain
accessibility, and/or widths of interprobe distance distributions) as
a result of the P327 mutation. Black residues showed no spectral
changes. P327 is shown in yellow. The two views of the cdb3 dimer
are along the pseudoC2 axis rotated by 180°.
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heterogeneity in the positioning of the C-terminal end of helix
10.

The data in Figure 8 demonstrate that the P327R mutation
also slightly perturbs the structure of the N-terminal end of
helix 10 as shown by the observed changes in side-chain
dynamics at sites 329, 332, and 333 as well as the packing
of â-strands 11 as shown by the appearance of a new spectral
component due to interprobe dipolar interactions at site 321.
However, the perturbation does not appear to extend to the
C-terminal end of helix 9 because the EPR data at sites 312
and 313 were identical. This interpretation is also supported
by interprobe distance measurements at site 312, where the
average interprobe distance and distribution of distances was
the same in both backgrounds (data not shown). Molecular
dynamics simulations are in progress to examine the effects
of the P327R mutation on the packing of cdb3 in greater
detail.

Figure 9 shows a compilation of the data presented in
Figures 2-8 mapped onto the static crystal structure of the
cdb3 dimer. The sites where R1 side chains were incorpo-
rated into cdb3 in both the wt P327 protein and the R327
variant and where no spectral changes were observed are
shown in black. Sites where changes in side-chain dynamics,
in solvent accessibility, or in interprobe distance distributions
were observed are shown in red. This mapping shows that
there is a surface on one face of the dimer that is affected
by the point mutation, whereas the opposite face is virtually
unaffected. Given that previous studies have shown that cdb3
is the primary binding site for protein 4.2 (54) and that the
P327R mutation leads to a reduction in the amount of protein
4.2 in the membrane (28), it is reasonable to hypothesize
that the red surface of the cdb3 dimer shown in the upper
panel of Figure 9 is involved in the protein-protein
interaction with protein 4.2. The spin-labeled constructs
developed in this work can be used to directly test this
hypothesis in future work.

In conclusion, the P327R mutation in AE1 results in a
subtle change in the local structure of the cdb3 dimer near
the mutation site. No changes were detected in the structures
of the distal portions of the peripheral domains or in the
relative positioning of the peripheral domains relative to the
dimer interface. Even though residues inâ-strand 11 and
R-helix 10, which flank the mutation site, showed measurable
spectral changes, it does not appear that changes in secondary
structure occur or that the elements of secondary structure
are displaced. Instead, it appears that the point mutation
causes some heterogeneity in the local structure of the dimer
interface, possibly involving an altered packing of the
C-terminal end of helix 10 in a subpopulation of the
ensemble. The studies show that the spectral changes map
to a specific surface of the cdb3 dimer, thereby potentially
providing insight into one binding site for protein 4.2.
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