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Abstract
Mutations in α-actinin-4 have been linked to familial focal segmental glomerulosclerosis (FSGS), a
common renal disorder in humans, and produce an apparent increase in the actin-binding affinity of
α-actinin-4 in vitro. One of the mutations in particular, Lys255Glu, falls in the middle of the actin-
binding interface of the ABD (actin-binding domain). The ABD consists of tandem calponin-
homology domains (CH1 and CH2). The crystal structures of most ABDs display a compact
conformation, characterized by extensive inter-CH interactions. However, the conformation of F-
actin bound ABDs is unsettled. Some EM studies find that the compact conformation is preserved
upon binding to F-actin, whereas other studies suggest that the CHs separate and the ABD becomes
extended. The Lys255Glu mutation in CH2 is significant in this regard since it removes a crucial
inter-CH interaction with Trp147 of CH1, thought to stabilize the compact conformation. Together,
the increased actin-binding affinity and the removal of this important inter-CH contact suggested
that the Lys255Glu mutation might facilitate the transition toward the open ABD conformation
proposed by some of the EM studies. However, the crystal structure of the ABD of α-actinin-4
Lys255Glu mutant described here displays the canonical compact conformation. Furthermore, the
sedimentation coefficients by analytical ultracentrifugation of wild type and FSGS mutant ABDs
(Lys255Glu, Ser262Pro and Thr259Ile) are nearly identical (2.50 ± 0.03 S), and are in good
agreement with the theoretical value calculated from the crystal structure (2.382 S), implying that
the compact conformation is retained in solution. The absence of a structural change suggests that
the compact ABD conformation observed in the majority of the structures is highly stable and is
preserved in solution, even in FSGS mutant ABDs.
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α-Actinin belongs to the spectrin family of actin-binding proteins, generally involved in actin
cytoskeleton scaffolding and organization 1; 2. In addition to its classical role as an actin
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filament cross-linker, α-actinin serves as a general linkage between the actin cytoskeleton and
multiple signaling and membrane proteins 3. There are four α-actinin isoforms closely related
at the amino acid sequence level: α-actinin-1 is ubiquitously expressed and is most commonly
associated with focal adhesions 4, α-actinin-2 and α-actinin-3 are expressed in muscle cells
and are involved in actin filament cross-linking in the Z disc 5, α-actinin-4 is widely expressed
and is implicated in the maintenance of cell shape and architecture 6.

Like most cytoskeletal proteins, members of the spectrin family are characterized by the
presence of discrete protein-protein interaction and regulatory modules. In α-actinin, whose
functional unit is an antiparallel dimer, each chain of molecular mass ∼100 kDa presents an
N-terminal actin-binding domain (ABD), four spectrin repeats, and a C-terminal pair of EF-
hands. The ABD consists of a tandem pair of calponin-homology (CH) domains (CH1 and
CH2).

The crystal structures of several ABDs have been determined, including those of human, A.
thaliana and S. pombe fimbrin 7; 8, utrophin 9, dystrophin 10, human and mouse plectin 11;
12, and human α-actinin-3 13 and α-actinin-1 14. With the exception of the first ABD of A.
thaliana fimbrin 8, which contains unique mutations at the CH1-CH2 interface (discussed
below), all the ABD structures display a similar “compact” conformation characterized by
extensive interactions between the two CH domains. In two of the structures 10; 15, the compact
conformation results from domain swapping between two ABD molecules in the asymmetry
unit of the crystals.

Mutations in the ABD of α-actinin-4 (Lys255Glu, Ser262Pro and Thr259Ile) are associated
with a common renal lesion in humans known as familial focal segmental glomerulosclerosis
(FSGS) 16. The FSGS-linked mutations disrupt the normal localization of α-actinin-4 in actin
stress fibers and focal adhesions and promote the formation of actin aggregates in kidney
podocytes 17; 18; 19. All the mutations lead to an apparent increase in the actin-binding affinity
of α-actinin-4 in vitro 16; 18. One of the mutations in particular, Lys255Glu in CH2 (human
α-actinin-4 sequence, O43707), is positioned in the center of the actin-binding interface of the
ABD, which has been mapped by mutagenesis, sequence conservation, and NMR studies 14;
20; 21; 22; 23; 24; 25. In a structure-based analysis of sequence conservation in the ABD 14,
Lys255 was found to be highly conserved and to form strong hydrophobic, and occasionally
π-cation contacts with Trp147 of CH1. The inter-CH interaction between Trp147 and Lys255
was deemed critical for stability of the compact conformation of the ABD 14, since these two
amino acids are mutated in the first ABD of A. thaliana fimbrin, which is the only ABD with
a non-compact structure 8. The apparent importance of Lys255 for maintenance of the compact
ABD conformation and the observation that the Lys255Glu mutant has increased affinity for
F-actin 16; 18 suggested that this mutation may facilitate a transition toward the “open” ABD
structure, which some EM studies have found is required for F-actin binding 26; 27. However,
whether the ABD opens up upon binding to F-actin is an unresolved question. Other EM studies
of actin filaments decorated with the ABDs of various members of the spectrin family, α-actinin
included, have suggested that the compact conformation is generally preserved in F-actin
bound ABDs 28; 29; 30. On the other hand, analysis of electron micrographs of 2-D crystals
of F-actin cross-linked with full-length α-actinin suggests that the ABD can adopt either an
open or a closed conformation 31; 32. To test whether the FSGS-linked mutations produce an
open ABD conformation, we determined the crystal structure of the Lys255Glu mutant ABD
of α-actinin-4. We further compared, using analytical ultracentrifugation, the conformations
of wild type and mutant ABDs at different temperatures in solution. The results consistently
show that wild type and mutant ABDs retain in solution the compact conformation observed
in the majority of the structures, including the structure determined here of the ABD of α-
actinin-4 Lys255Glu mutant.
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Crystal structure of the ABD of α-actinin-4 Lys255Glu mutant
The ABD of human α-actinin-4 (O43707, Ala47-Gly270) shares 94 % and 90 % sequence
identity respectively with the ABDs of human α-actinin-1 (P12814, Ala28-Gly251) and α-
actinin-3 (Q08043, Ala42-Gly265), and it was expected to share a similar structure with these
two ABDs 13; 14. However, it was unknown what would be the effect of the FSGS-linked
mutation Lys255Glu on the overall structure of the ABD. To answer this question, we
determined the crystal structure of the ABD of α-actinin-4 (Lys255Glu mutant) at 2.2 Å
resolution (Figure 1(a) and Table 1).

There are two ABD molecules in the asymmetric unit of the crystal (chains A and B). Since
these molecules are crystallographically independent, this circumstance allowed for two
separate observations of the conformation of the mutant ABD. The two ABD molecules,
however, presented very similar structures (Cα rms deviation of 0.5 Å) and both displayed the
canonical compact conformation observed in nearly all the ABD structures determined thus
far 7; 8; 9; 10; 11; 12; 13; 14. The current structure is most similar to those of α-actinin-1
(Cα rms deviation of 0.71 Å) and α-actinin-3 (Cα rms deviation of 0.57 Å) (Figure 1(b)). The
linker loops that connect the CH domains are also very similar among the three α-actinin
structures, despite the fact that this region is generally considered to be more flexible. It thus
appears that the Lys255Glu mutation in α-actinin-4 does not affect the global structure of the
ABD, at least within the context of the crystal structure.

In the compact ABD conformation that characterizes the current structure, the two CH domains
are involved in extensive (mainly hydrophobic) contacts with one another (Figure 1). Lys255
in CH2 plays a central role in these interactions. This amino acid is typically involved in strong
hydrophobic contacts with the side chain of Trp147 of CH1 14. Both Lys255 and Trp147 are
highly conserved among members of the spectrin family, and are predicted to form part of the
actin-binding interface 14; 20; 21; 22; 23; 24; 25. Interestingly, when the two CH domains that
form the ABD of α-actinin-4 are superimposed upon one another (Cα rms deviation of 1.9 Å),
the amino acid structurally equivalent to Lys255 of CH2 is also a lysine in CH1 (Lys140).
Lys140 is relatively well conserved within the spectrin family (although less well conserved
than Lys255). This conservation is probably significant, since the overall sequence identity
between the two CHs is low (17%) and both Lys140 and Lys255 are solvent exposed.
Therefore, it appears that there is evolutionary pressure toward the conservation of this
particular position in the CH architecture, and the Trp147-Lys255 stacking interaction between
CHs, in particular.

In the current structure, the side chain of Glu255, which is well defined in the electron density
map (Figure 2(a)), turns away from the side chain of Trp147 (Figure 2(b)). This rotamer
orientation of Glu255, which is conserved in both chains of the structure (Figure 2(b)), results
in an open cavity on the actin-binding surface of the ABD, at the interface between CH1 and
CH2. In both chains, a molecule of glycerol (present in the crystallization buffer) occupies this
cavity. However, the exact position of glycerol is not conserved between chains (Figure 2(b)).
Despite this difference, the amino acids that surround the mutated residue Glu255 occupy
similar positions in the two chains of the asymmetric unit (Figure 2(b)), as well as in the
structures of the ABDs of α-actinin-114 and α-actinin-3 13 (Figure 1(c)).

As established above, the presence of the mutation Lys255Glu does not affect the overall
structure of the ABD, at least in isolation. However, a very different picture emerges if the
electrostatic characteristics of the ABD are taken into account. By restoring the endogenous
Lys255, according to its position in the structure of the ABD of α-actinin-1 14, a comparison
of the electrostatic surfaces of the wild type and Lys255Glu mutant ABDs reveals major
differences (Figure 3(a,b)). These differences, which coincide with the location of the predicted
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actin-binding interface, may possibly explain the different actin-binding properties of
Lys255Glu α-actinin-4 16; 18. However, this explanation cannot be extended to the other two
FSGS-linked mutations (Ser262Pro and Thr259Ile), which occur at the interface between CH1
and CH2 and are buried in the structure (Figure 3(c,d)). To test whether the conformation of
mutant ABD constructs changes in solution, we used analytical ultracentrifugation.

Conformation of the wild type and FSGS mutant ABDs in solution
The sedimentation coefficient of macromolecules is sensitive to conformational changes in
solution. For example, the myosin light chain Mlc1p adopts two radically different
conformations, compact and extended, depending on the specific sequence of the bound myosin
IQ domain 33. The sedimentation coefficient of the compact Mlc1p-IQ complex (1.95 S) is
8.2% greater (i.e. sediments faster) than that of the extended complex (1.79 S), while their
molecular masses are nearly identical (19,300 Da). A similar change in sedimentation
coefficient may be expected if the ABD of α-actinin-4 adopts an open conformation in solution
as a result of the FSGS mutations, in particular since the molecular mass of the ABD (25,692
Da) is higher than that of Mlc1p-IQ complexes. Therefore, sedimentation velocity analyses
were performed on the wild type and mutant ABDs of α-actinin-4 to assess whether their free
hydrodynamic conformations are measurably different (Figure 4 and Table 2).

For each construct, two or more concentrations were analyzed at two different temperatures
(20°C and 37°C). Global fits to single species models resulted in very similar S values for all
the constructs (2.50 ± 0.03 S), independent of concentration and temperature (Figure 4 and
Table 2). These results strongly suggest that all the ABD constructs have very similar
conformations in solution.

In an attempt to assess the relationship between the conformation of the ABD in solution and
that of the crystal structure, the program HYDROPRO 34 was used to calculate a theoretical
sedimentation coefficient from the atomic coordinates of the Lys255Glu mutant ABD. The
calculated value, 2.382 S, is slightly smaller than the measured value. A smaller S value
indicates a slower sedimenting species and a more extended conformation at constant mass.
In other words, the ABD constructs (wild type and mutants) sediment faster than predicted
from the crystal structure, implying that their solution conformations are as compact (or more)
than that of the structure. More likely, however, the crystal structure accurately represents the
conformation of the ABD in solution and a smaller theoretical sedimentation coefficient
probably reflects underestimation of hydration by the program HYDROPRO.

In summary, the Lys255Glu mutation within the ABD of α-actinin-4 has been linked to FSGS
and increases the actin-binding affinity of α-actinin-4 (Figure 5) 16; 18. The mutation falls in
the middle of what has been predicted to be the actin-binding interface of the ABD and affects
an important and highly conserved inter-CH contact with Trp147 14. Therefore, this mutation
was predicted to weaken inter-CH interactions, facilitating a transition toward the open ABD
conformation, which some EM studies have suggested is required for F-actin binding 26; 27.
However, the crystal structure of the mutated ABD (Figure 1) reveals the canonical compact
conformation. The compact conformation appears to be conserved in solution since the
sedimentation coefficient of the mutated and wild type ABDs determined by analytical
ultracentrifugation at different temperatures are nearly identical (Figure 4), and are in good
agreement with the theoretical value calculated from the crystal structure. Similarly, the
sedimentation coefficients of mutants Ser262Pro and Thr259Ile are undistinguishable from
that of the wild type protein, suggesting that their solution conformations are also compact.

The absence of a conformational change suggests that the compact ABD conformation
observed in the majority of the structures 7; 8; 9; 10; 11; 12; 13; 14 is highly stable and that it
is preserved in solution even in FSGS mutant ABDs. It also appears that the increased actin-
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binding affinities of α-actinin-4 mutants (Figure 5) 16; 18 cannot be explained by a single
structural mechanism. Thus, the Lys255Glu mutation occurs on the surface of the ABD and
has a very limited effect on its overall structure (Figure 1). Yet, this mutation probably weakens
inter-CH contacts and has a major impact on the electrostatic charge distribution at the actin-
binding interface (Figure 3(a,b)). On the other hand, mutations Ser262Pro and Thr259Ile are
buried in the compact structure and do not affect the electrostatic surface of the ABD. However,
these two mutations occur in helix G, which is at the interface between CH1 and CH2 (Figure
3(c,d)), and probably affect inter-CH contacts. The incorporation of a Pro residue at position
262 may produce a kink in helix G, whereas a larger Ile side chain at position 259 could result
in steric hindrance, both of which would weaken inter-CH contacts. The analytical
ultracentrifugation results (Figure 4 and Table 2) indicate that these changes are insufficient
to produce an open ABD conformation in solution. It thus appears that the exposure of
hydrophobic surfaces in CH1 and CH2, which face each other in the compact conformation,
is energetically unfavorable. However, this study did not address the effect of F-actin on the
conformation of the ABD. Weakening of inter-CH contacts by FSGS-linked mutations may
facilitate opening of the ABD in the presence of F-actin, as previously suggested 35.
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Figure 1.
Structure of the actin-binding domain (ABD) of α-actinin-4 Lys255Glu mutant. (a) Overall
view of the structure of the ABD (CH1, blue; CH2, red). The linker loop between CH1 and
CH2 (α-actinin-4 amino acids Asp157 to Ser164) is shown in black. Helices are labeled A to
G (this ABD does not contain helix D). Note that although there are two molecules in the
asymmetric unit of the crystal, their overall structures are very similar (Cα rms deviation of
0.5 Å) and only one molecule is shown (chain A). In addition to the amino acids of the ABD,
chain A includes an extra Phe residue at the N-terminus (Phe46) and a Leu residue at the C-
terminus (Leu272) from the expression plasmid. The side chains of Trp147 and the mutated
amino acid Glu255 are shown. Trp147 and the wild type residue Lys255 are highly conserved
in the spectrin family, making part of the actin-binding interface, and are typically involved in
strong inter-CH contacts 14 (b) Superimpositions of the structures of the ABD of α-actinin-4
with those of α-actinin-1 (gold, Cα rms deviation 0.71 Å) and α-actinin-3 (green, Cα rms
deviation 0.57 Å). Note that despite the presence of the Lys255Glu mutation in the ABD of
α-actinin-4, the overall structures of the three α-actinin ABDs are nearly identical. (c) Close
view of the Trp-Lys stacking interaction at the interface of CH1-CH2 in the ABDs of α-
actinin-1 and α-actinin-3, and the Lys255Glu mutation in the ABD of α-actinin-4 that brakes
this important interaction.
Experimental conditions: Fragments encoding the ABD of human α-actinin-4 (O43707,
amino acids Ala47-Ala271) were generated by PCR from wild type and mutant α-actinin-4
cDNAs, subcloned into pGEX-4T1-HTa and verified by sequence analysis. GST-proteins were
expressed in E. coli 5-alpha (NEB) and purified using Glutathione-Sepharose (GE Healthcare).
Cleavage of the GST tag was carried out using Tobacco-Etch-Virus (TEV) protease, and
proteins were purified using Ni Sepharose 6 Fast Flow (GE Healthcare). Protein purity and
concentration were verified using SDS-PAGE and Bradford methods. The ABD of α-actinin-4
Lys255Glu mutant was concentrated to ∼8 mg ml−1 using Amicon Ultra centrifugal filters
(Amicon) in 50 mM Tris-HCl pH 8.0, 100 mM NaCl and 1 mM DTT. Crystals were obtained
using the hanging drop vapor diffusion method at 4°C by mixing 2 μl of the protein solution
and 2 μl of a well solution containing 100 mM Imidazole pH 7.1, 50 mM NaCl, 1 mM EDTA,
5 % (v/v) glycerol, and 21 % (w/v) polyethylene glycol 5000 mono-methyl-ether. The
percentage of glycerol was raised to ∼20 % for crystal freezing prior to X-ray data collection.
An X-ray diffraction dataset was collected to the resolution of 2.2 Å from a crystal frozen in
liquid nitrogen, and using the beamline F2 of the Cornell High Energy Synchrotron Source
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(CHESS). The diffraction data were indexed and scaled with the program HKL2000 (HKL
Research, Inc) (Table 1). A molecular replacement solution for the two independent ABD
molecules in the asymmetric unit of the crystals was obtained with the program AMoRe 36,
and using the 1.7 Å resolution crystal structure of the ABD of α-actinin-1 14 as a search model.
Model building and refinement were carried out with the program Coot 37, and the CCP4
program Refmac. The refinement of the structure converged to R-factor and R-free values of
17.1% and 22.4 %, respectively (Table 1). The electron density map reveals all the amino acids
of the two ABD molecules in the asymmetric unit of the crystal. The construct crystallized
here contained extra amino acids at the N-terminus (GAMDPEF) and the C-terminus (LDELN)
resulting from the expression vector. Some of these amino acids are also observed in the
electron density map and form part of the refined model (PDB Code 2R0O).
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Figure 2.
Close view of the structure around residue Glu255. (a) 2Fo-Fc electron density map contoured
at 1.8 σ around (Chain B). Note that a molecule of glycerol occupies the space that is typically
engaged by the side chain of Lys255. (b) Superimposition of Chains A (gray Cα atoms) and B
(yellow Cα atoms). Note that chain A also contains a molecule of glycerol in the space near
the mutation, but its location is somewhat different from that of Chain B.
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Figure 3.
Different effects of FSGS-linked mutations on the structure of the ABD of α-actinin-4. (a, b)
Electrostatic surface representation of the ABD of α-actinin-4 wild type and Lys255Glu mutant
calculated with the program APBS 38 and displayed with the program PyMOL
(http://www.pymol.org). The surface is colored according to charge, using a linear color ramp
(−5 kT, red to 5 kT, blue). For this figure, the wild type structure was generated by restoring
the endogenous residue Lys255 (indicated) according to its position in the structure of the ABD
of α-actinin-1 14. (c,d) Mutations Ser262Pro and Thr259Ile (shown in green) are buried in the
compact structure of the ABD and do not affect the electrostatic surface. However, these two
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mutations occur in helix G, which is at the interface between CH1 (blue) and CH2 (red) and
are likely to affect inter-CH contacts.
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Figure 4.
Conformation of wild type and mutant ABDs in solution by analytical ultracentrifugation. g
(s) plots produced with the program SEDANAL 39 showing two concentrations at two different
temperatures (20°C and 37°C) of (a) wild type, (b) Lys255Glu, (c) Thr259Ile and (d)
Ser262Pro mutant ABDs. The x-axis corresponds to the sedimentation coefficient in Svedberg
units converted according to the general convention to S20W values (S value at 20°C in water).
The y-axis represents the sedimentation distribution function normalized to the loading
concentration. The entire global fit of wild type and mutant ABDs consisted of 900 scans from
experiments at two different concentrations and temperatures, resulting in an average S value
of 2.50 ± 0.03 S (see Table 2 for details).
Experimental conditions: Sedimentation velocity experiments were conducted in a Beckman
Optima XL-I ultracentrifuge (Beckman, Palo Alto, CA), using either an An60 Ti four-hole
rotor or an An50 Ti eight-hole rotor. Data were acquired with the interference optics system
using sapphire windows and meniscus-matching 12-mm aluminum-filled Epon centerpieces
with interference slit window holders on the top window (Biomolecular Interaction Technology
Center, Durham, NH). The wild type and mutant ABD constructs were dialyzed exhaustively
against 100 mM NaCl and 20 mM Tris-HCl pH 8.0. Velocity experiments were conducted at
50,000 rpm and 20°C. Sedimentation velocity data were analyzed using the program
SEDANAL 39. Curve fits were deemed acceptable only if the standard deviation of the fit was
comparable to the previously measured optical noise of the system, 1 × 10−2 fringes. The fit S
values were converted to standard S20W values (sedimentation coefficient of the molecule if
it were sedimented at 20°C in water) by the program SEDNTERP 40.
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Figure 5.
Binding curves of wild type, Lys255Glu, Thr259Ile and Ser262Pro ABDs of α-actinin-4 show
increased actin-binding affinity of the mutants. The dissociation constant (KD) of the wild type
ABD could not be determined due to its low binding affinity. Mutants Lys255Glu, Thr259Ile
and Ser262Pro were found to have increased binding affinities (Kd 25−35 μM).
Experimental conditions: Recombinant ABDs were mixed with 5 μM G-actin in a solution
containing 20 mM Tris-HCl pH 7.4, 0.5 mM ATP, 2 mM MgCl2, 120 mM NaCl and 0.5 mM
EGTA for 1h at room temperature. To determine the KD, 5 μM G-actin was incubated with
increasing amounts of purified WT and mutant ABD (5 to 140 μM). F-actin was sedimented
at 100,000 × g for 30 min at 22°C. Proteins in the supernatant and pellet were solubilized in
equal amounts of SDS sample buffer, boiled and subjected to SDS-PAGE. Protein bands were
visualized by Coomassie Blue staining, and band intensities were quantified using the program
ImageJ (http://rsb.info.nih.gov/ij/). One-site binding hyperbola nonlinear regression analysis,
Scatchard analysis, KD calculation and 95% confidence intervals were performed with the
program GraphPad Prism (version 4.00).
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Table 1
Crystallographic Data and Refinement Statistics

Diffraction statistics
 Space group P 21 21 21
 Cell parameters
        a, b, c (Å) 61.697, 61.533, 174.936
        α, β, γ (o) 90.0, 90.0, 90.0
 Data resolution (Å) 42.37 − 2.20 (2.28 − 2.20)
 Completeness (%) 87.5 (69.3)
 Redundancy 5.6 (3.6)
 Unique reflections 25,757 (1,298)
 R-merge (%)a 8.8 (28.3)
 Average I/σ 33.8 (6.6)
Refinement statistics
 Refinement resolution (Å) 42.37 − 2.20 (2.257 − 2.20)
 R-factor (%)b 17.1 (18.3)
 R-free (%)c 22.4 (30.0)
 Rms deviations
        Bond length (Å) 0.014
        Bond angles (o) 1.398
 Average B-factor (Å2) 15.41
 PDB Code 2R0O

Values in parentheses correspond to highest resolution shell

a
R-merge=Σ(I-<I>)/ΣI; I and <I> are the intensity and the mean value of all the measurements of an individual reflection

b
R-factor=Σ|Fo - Fc|/Σ|Fo|; Fo and Fc are the observed and calculated structure factors

c
R-free; R-factor calculated for a randomly selected subset of the reflections (5%) that were omitted during the refinement
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Table 2
Sedimentation velocities of wild type and mutant ABDs of α-actinin-4

ABD Construct T (°C) Standard deviation of fit
(mg/ml)

S20w % deviation from WT

WT (1) 20 0.00284 2.46 +/− 0.01S −1.6%
WT (2) 20 0.00491 2.50 +/− 0.01S 0.0%
WT 37 0.00407 2.52 +/− 0.01S 0.8%
Lys255Glu (1) 20 0.00304 2.50 +/− 0.01S 0.0%
Lys255Glu (2) 20 0.00384 2.49 +/− 0.01S −0.4%
Lys255Glu 37 0.00338 2.53 +/− 0.01S 1.2%
Ser262Pro 20 0.00256 2.49 +/− 0.01S −0.4%
Ser262Pro 37 0.00312 2.49 +/− 0.01S −0.4%
Thr259Ile 20 0.00350 2.46 +/− 0.01S −1.6%
Thr259Ile 37 0.00437 2.54 +/− 0.01S 1.6%
Average 0.00356 2.50
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