
Phosphoinositide binding regulates a-actinin CH2
domain structure: Analysis by hydrogen/deuterium
exchange mass spectrometry

STEPHEN J. FULL,1 MAX L. DEINZER,2 P. SHING HO,1 AND JEFFREY A. GREENWOOD1

1Department of Biochemistry and Biophysics, Oregon State University, Corvallis, Oregon 97331, USA
2Department of Chemistry, Oregon State University, Corvallis, Oregon 97331, USA

(RECEIVED July 31, 2007; FINAL REVISION August 29, 2007; ACCEPTED August 30, 2007)

Abstract

a-Actinin is an actin bundling protein that regulates cell adhesion by directly linking actin filaments to
integrin adhesion receptors. Phosphatidylinositol (4,5)-diphosphate (PtdIns (4,5)-P2) and phosphati-
dylinositol (3,4,5)-triphosphate (PtdIns (3,4,5)-P3) bind to the calponin homology 2 domain of a-
actinin, regulating its interactions with actin filaments and integrin receptors. In this study, we examine
the mechanism by which phosphoinositide binding regulates a-actinin function using mass spectrometry
to monitor hydrogen–deuterium (H/D) exchange within the calponin homology 2 domain. The overall
level of H/D exchange for the entire protein showed that PtdIns (3,4,5)-P3 binding alters the structure of
the calponin homology 2 domain increasing deuterium incorporation, whereas PtdIns (4,5)-P2 induces
changes in the structure decreasing deuterium incorporation. Analysis of peptic fragments from the
calponin homology 2 domain showed decreased local H/D exchange within the loop region preceding
helix F with both phosphoinositides. However, the binding of PtdIns (3,4,5)-P3 also induced increased
exchange within helix E. This suggests that the phosphate groups on the fourth and fifth position of the
inositol head group of the phosphoinositides constrict the calponin homology 2 domain, thereby altering
the orientation of actin binding sequence 3 and decreasing the affinity of a-actinin for filamentous actin.
In contrast, the phosphate group on the third position of the inositol head group of PtdIns (3,4,5)-P3

perturbs the calponin homology 2 domain, altering the interaction between the N and C terminus of the
full-length a-actinin antiparallel homodimer, thereby disrupting bundling activity and interaction with
integrin receptors.
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a-Actinin is a cytoskeletal and adhesion protein that pro-
vides a critical link between actin filaments and integrin
adhesion receptors (Blanchard et al. 1989; Otey et al.
1990; Pavalko and Burridge 1991). a-Actinin exists as an
antiparallel homodimer which orients the actin-binding
regions at opposite ends (Fig. 1), allowing each dimer to
bind two actin filaments leading to the formation of bun-
dles (Tang et al. 2001). The actin-binding region is con-
nected by a flexible linker to four spectrin repeats that
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mediate the interaction between the two a-actinin sub-
units of the dimer (Winkler et al. 1997). In addition, the
cytoplasmic tail of integrin adhesion receptors bind to
a-actinin between the first and second spectrin repeats
(Kelly and Taylor 2005). The carboxy-terminal domain
of a-actinin is also connected to the spectrin repeats by
a flexible region which allows this domain to bind to
the linker between the actin-binding region and the
spectrin repeats of the adjacent molecule (Young and
Gautel 2000).

The actin-binding region of a-actinin consists of two
calponin homology (CH) domains, both of which interact
directly with the actin filament (Keep et al. 1999; Nor-
wood et al. 2000). Each CH domain consists of four main
a-helices connected by long loops and two or three
shorter helices (Banuelos et al. 1998). The CH1 domain
is critical for a-actinin binding to actin filaments and can
bind independently, whereas the CH2 domain enhances
binding affinity but cannot bind alone (Banuelos et al.
1998; Keep et al. 1999; Norwood et al. 2000). Based on
various experimental approaches, it appears that the
actin-binding regions of this family of proteins contain
three actin-binding sequences (ABS), each of which
comes in direct contact with actin filaments (Keep et al.
1999; Norwood et al. 2000). ABS1 and ABS2 are com-
posed of helix A and G, respectively, of the CH1 domain,
and ABS3 consists of helix A of the CH2 domain (Fig. 1).

The interaction of a-actinin with filamentous actin and
integrin adhesion receptors must be precisely regulated
during cell adhesion, migration, and proliferation. The
regulation of a-actinin function is not understood; how-

ever, there is evidence which indicates that the phospho-
inositides, PtdIns (4,5)-P2 and PtdIns (3,4,5)-P3, play
an important role in controlling its activity in cells
(Greenwood et al. 2000; Fraley et al. 2003, 2005).
Phosphoinositides bind to the CH2 domain, specifically
to residues 158–174 of human nonmuscle a-actinin 1,
adjacent to ABS3 (Fukami et al. 1996; Fraley et al. 2003).
Although, both phosphoinositides bind to the same site,
PtdIns (4,5)-P2 and PtdIns (3,4,5)-P3 differentially regu-
late the function of a-actinin in vitro (Fraley et al. 2003;
Corgan et al. 2004). Both phosphoinositides inhibit
a-actinin bundling activity by inhibiting a-actinin bind-
ing to actin filaments. However, only PtdIns (3,4,5)-P3

disrupts a-actinin bundling and the interaction of a-
actinin with integrin adhesion receptors. How phospho-
inositide binding regulates the interaction of a-actinin
with actin filaments and integrin receptors is not currently
known.

Hydrogen/deuterium (H/D) exchange mass spectrome-
try (MS) offers a new approach for examining the con-
formation and structural dynamics of proteins in solution
(Engen and Smith 2001; Yan et al. 2004b). For example,
H/D exchange MS has been used to determine the
influence of ligand binding on proteins in vitro (Garcia
et al. 2004). Using H/D exchange MS, Yan et al. (2004a)
identified changes in the conformation and dynamics of
the retinoid X receptor induced by retinoic acid that were
not detected in the crystal structure. H/D exchange MS
has also aided in the determination of protein flexibility
(Wang et al. 1998), peptide–lipid interactions (de Planque
et al. 2003), and antibody epitope mapping (Baerga-Ortiz

Figure 1. Structure of a-actinin antiparallel homodimer (top) and the sequence, secondary structure, and peptic fragments of the CH2

domain (bottom). The diagram identifies three functional regions: the actin-binding region, spectrin repeats, and EF hands domain.

The actin-binding region consists of two calponin homology (CH) domains. The phosphoinositide binding site is identified by bold

lettering. The positively charged residues important for interaction with phosphoinositides, K162, H170, and K174, are marked by a

‘‘+’’ symbol. ABS3 refers to actin-binding sequence 3.
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et al. 2002; Lu et al. 2005). Furthermore, H/D exchange
MS is being used to characterize protein–protein inter-
action interfaces (Mandell et al. 2005). In this study, we
use H/D exchange MS to show that the conformation and
dynamics of the a-actinin CH2 domain are altered differ-
entially by PtdIns (4,5)-P2 and PtdIns (3,4,5)-P3.

Results

We had demonstrated previously that phosphoinositides
regulate a-actinin function by binding to the CH2 domain
(Fraley et al. 2003, 2005; Corgan et al. 2004). To under-
stand how phosphoinositide binding regulates a-actinin
function, mass spectrometry was used here to monitor
H/D exchange within the CH2 domain. The CH2 domain
was expressed with a his-tag and purified as previously
described (Fraley et al. 2003). The protein was engi-
neered so that the six amino-terminal histidine residues
were distanced from the CH2 domain by 42 residues
encoded by the expression vector pPROEX HTb (In-
vitrogen). The CH2 domain was further stabilized by
including 13 carboxy-terminal residues encoded by the
expression vector. Therefore, the his-CH2 protein con-
tained a total of 175 amino acid residues with a nominal
mass of 19,546 Da. The presence of the his-tag does not
appear to influence the structure of the CH2 domain or its
interaction with phosphoinositides (Fraley et al. 2003).
Consistent with a nominal mass of 19,546 Da, three
peaks, 19,570.9 Da, 19,655.3 Da, and 19,809.1 Da, were
observed in the deconvoluted spectra of his-CH2 repre-
senting the protein complexed with different small mol-
ecule components from the buffer (Fig. 2). In addition,
the amino acid sequence of his-CH2 was verified by mass
analysis of the peptic peptides. Although his-CH2 con-
tains 174 exchangeable amide hydrogens, we observed a
maximum incorporation of only 86 deuteriums in the MS
H/D exchange studies on the intact protein (Fig. 3). For
unliganded his-CH2, 75% (63.9 deuteriums) of the
exchange occurred within the first 15 sec and incorporation
reached a plateau by 15 min. In the presence of PtdIns
(3,4,5)-P3, the extent of global H/D exchange for his-CH2
was increased by 31% (26.9 additional deuteriums) com-
pared to unliganded protein. In contrast, PtdIns (4,5)-P2

decreased global H/D exchange by 9% (7.3 fewer deute-
riums). These results demonstrate that PtdIns (3,4,5)-P3

significantly increases and PtdIns (4,5)-P2 slightly decreases
H/D exchange within the CH2 domain.

To determine the specific regions within the CH2
domain, where H/D exchange was influenced by phos-
phoinositide binding, exchange was carried out for 15
min followed by proteolytic digestion. The protocol for
measuring deuterium content focused on the peptides
from the CH2 domain of his-CH2, and pepsin proteolysis
consistently resulted in 16 overlapping peptides covering

93% of the CH2 domain protein sequence (Fig. 1). The
deuterium content of peptides from his-CH2 that were
encoded by the expression vector flanking the amino and
carboxy terminus of the CH2 domain was the same in the
absence or presence of phosphoinositides (data not
shown). Although, back exchange for the 16 peptides
averaged 43% (see Materials and Methods), deuterium
incorporation observed for the peptic peptides was dis-
tributed throughout the CH2 domain, allowing compara-
tive localization of phosphoinositide-induced changes to
specific structural regions of the CH2 domain (Table 1).
The deuterium contents of overlapping peptides were
deconvoluted to refine the resolution of deuterium incor-
poration to more specific regions within the CH2 domain
(Fig. 4). In this analysis, we first delineate regions within
each peptide in a set of overlapping peptides according to
overlapping regions ( fi, where i is the fragment number).
For each fragment i for that peptide, we define as a
variable the number of deuteria/residue (Di). A set of
linear equations are then setup such that the sum of Dixfi
is set equal to the total number of deuterium observed

Figure 2. ESI mass spectra (A), deconvoluted spectra (B), and Coomassie

stained gel of his-CH2 (C). The three peaks observed in the deconvoluted

spectra represent the his-CH2 + Na ion (19,570.9), the his-CH2 + Na ion +

SO3H group from HEPES (19,655.3), and the his-CH2 + Na ion + HEPES

(19,809.1).
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for a particular peptide. As a trivial example, consider
peptide fragments 8–11, which span residues 210–226.
We can consider 210–226 as a single overlapping frag-
ment ( f1 ¼ 13 residues) for this set. The next peptide in
this set will contain f1 and a second fragment ( f2 ¼ 1
residue) representing just residue 223, and so forth. For
the four peptides in this example, we can define the
following four linear equations, with the size of each
fragment assigned as their numerical values, and the total
number of deuteria for each peptide as those observed for
the unliganded protein (column 4 of Table 1):

13D1 = 2:18

13D1 + D2 = 2:81

13D1 + D2 + D3 = 3:48

13D1 + D2 + D3 + 2D3 = 4:06

The trivial solutions to this set of equations are D1 ¼
0.17 deuterium/residue, D2 ¼ 0.63 deuterium/residue,
D3 ¼ 0.67 deuterium/residue, and D4 ¼ 0.29 deuterium/
residue. The number of unknowns is exactly determined
by the number of independent equations in this example;
however, for the large 13 residue fragment, we can only
specify the average number of deuterium/residue and
cannot further delineate the distribution within this frag-
ment. The reader should also notice that residues 211–226
are not represented by an isolated set of overlapping
peptides. In fact, these four peptides also overlap with
peptides 12–14, defining the overall region from 211 to
237 as a single set of overlapping peptides. The analysis
of this full region is not as trivial, because there are six
unknowns and seven equations; therefore, the best solu-
tions were determined by linear least squares fitting, with
the only stipulation being that no fragment can have less
than zero deuterium/residue. These fitted values are those
that are plotted in Figure 4. To interpret these results from
the H/D exchange studies, we constructed a molecular
model of the a-actinin 1-CH2 domain based on the crystal
structure of the a-actinin 3-CH2 domain that was avail-
able at the time (Franzot et al. 2005). The two domains
show very high amino acid sequence identity (87%) and,

Figure 3. Phosphoinositide binding regulates hydrogen–deuterium exchange

within the CH2 domain. His-CH2 (13.5 mM) bound to PtdIns (4,5)-P2 or

PtdIns (3,4,5)-P3 (50 mM) were incubated in deuterium buffer at 4°C. At

the indicated times, samples were quenched with formic acid (final pH 2.5)

and frozen in liquid nitrogen. Deuterium incorporation was measured using

ESI-MS. n ¼ 5 6 SE.

Table 1. Deuterium incorporation for the peptic fragments of the CH2 domain incubated in deuterium buffer for 15 min in the absence
and presence of PtdIns (4,5)-P2 or PtdIns (3,4,5)-P3

Unliganded
PtdIns (3,4,5)-P3 PtdIns (4,5)-P2

No. Structure Peptide deuterium content Deuterium content P-value Deuterium content P-value

1 a-I & a-A 139–151 6.96 6 0.22 7.01 6 0.03 0.791 6.78 6 0.08 0.533

2 a-A & r 153–169 5.26 6 0.03 5.76 6 0.02 0.009 4.86 6 0.39 0.410

3 a-A, r, & a-B 153–179 6.95 6 0.26 8.13 6 1.15 0.369 7.80 6 0.39 0.096

4 a-B 170–179 1.50 6 0.23 2.07 6 0.20 0.077 1.94 6 0.18 0.062

5 a-C 179–189 0.59 6 0.15 0.94 6 0.13 0.018 0.70 6 0.17 0.118

6 a-C, D, & E 183–205 4.36 6 0.27 4.44 6 0.42 0.882 4.30 6 0.50 0.830

7 a-D 191–205 4.19 6 0.15 4.79 6 0.11 0.129 4.39 6 0.08 0.199

8 a-E 210–222 2.18 6 0.29 3.27 6 0.43 0.135 2.86 6 0.21 0.022

9 210–223 2.81 6 0.32 3.56 6 0.45 0.258 3.13 6 0.23 0.112

10 210–224 3.48 6 0.31 4.02 6 0.42 0.332 3.68 6 0.21 0.263

11 a-E & F 210–226 4.06 6 0.23 5.31 6 0.09 0.017 4.32 6 0.29 0.110

12 211–226 4.45 6 0.16 4.53 6 0.07 0.708 4.13 6 0.18 0.413

13 a-F & G 223–237 4.87 6 0.06 4.60 6 0.44 0.589 4.64 6 0.19 0.415

14 225–237 4.93 6 0.12 5.04 6 0.14 0.584 4.62 6 0.06 0.202

15 a-G 240–245 0.41 6 0.15 0.91 6 0.09 0.046 0.79 6 0.06 0.067

16 241–245 0.63 6 0.22 1.07 6 0.06 0.113 0.77 6 0.21 0.034

After incubation, the domain was digested with pepsin and the peptides analyzed by ESI-MS. N ¼ 3 6 SE.
rRepresents the phosphoinositide binding site. Statistical analysis comparing deuterium content of the unliganded CH2 domain with that of the ligand
bound form were carried out using a paired t-test and the P-value is reported for each peptide.

Full et al.

2600 Protein Science, vol. 16



therefore, a reasonable homology model (Fig. 5) could be
constructed using a standard threading algorithm. The
model is color coded (blue, yellow, and red, representing
low, intermediate, and high exchange, respectively) to
represent the relative incorporation of deuterium after a 15
min exchange. The exchange data for the peptides from the
unliganded protein were used to compare the solvent
accessibility calculated from this CH2 structural model
(Fig. 6). A correlation value of R ¼ 0.75 suggests that the
H/D exchange data is consistent with the model of the a-
actinin 1-CH2 domain constructed.

From the model, we see that the deuterium content
varied across the CH2 domain, with the N-terminal region
showing the highest level of exchange and, thus, being
most accessible to solvent. This N-terminal region, which
includes ABS3, has been proposed to require exposure
on the surface of the CH2 domain to be functional and,
therefore, was expected to have high solvent accessibility,
as observed. In contrast, helix C was observed to have the
lowest solvent accessibility consistent with this region
being buried within the core of the CH2 domain.

The exchange data in Table 1 are highly redundant in
that a majority of the peptides studied are overlapping
in sequence. This affords us the opportunity to construct
higher resolution maps for deuterium incorporation
along the protein sequence, in some cases down to
individual amino acid residues. In this analysis, we
deconvolute the exchange data for peptides using a set
of linear equations for groups of overlapping peptides.
These equations are set up by first identifying for each
group of overlapping peptides those regions that are in
common and those that are unique to each sequence. We
then set as variables the number of deuteriums incorpo-
rated for each region and solve the equations analytically.
The only constraint imposed in this analysis is that no
region will incorporate less than zero deuteriums to the
respective peptides.

This deconvolution analysis of deuterium incorporation
in the CH2 domain bound to the phosphoinositides
identified two regions of interest that were significantly
affected by these ligands (Fig. 7). Both PtdIns (4,5)-P2
and PtdIns (3,4,5)-P3 decreased deuterium incorporation
in the loop region immediately preceding helix F. This is
observed as near equivalent loss in incorporation (about
–0.6 DD/residue relative to the unliganded protein) at
residues 223–224 along the sequence. In addition, PtdIns
(3,4,5)-P3 increased deuterium incorporation within helix
E, seen as a +0.8 DD/residue at 210. We should note,
however, that these results should not be interpreted as
the loss or gain of deuteriums only at these particular
amino acid residues, but are indicative of a significant
change in incorporation, relative to the unliganded pro-
tein, in the immediate vicinity of these residues.

Discussion

Phosphoinositide binding regulates the activity, protein–
protein interactions, and localization of various proteins
involved in cellular signaling, organization, and structure.
Many cytoskeletal phosphoinositide binding proteins,
such as vinculin, talin, and the ERM family, exist in an
inactive folded conformation which are unfolded to active
states following binding of the phosphoinositide and the

Figure 5. Phosphoinositide binding influences helices E and F. A ribbon

plot of the a-actinin 1-CH2 domain based on the crystal structure of

a-actinin 3 shows the relative deuterium incorporation following 15-min

exchange (Table 1): blue < 0.2, yellow ¼ 0.2–0.4, and red > 0.4 deuterium/

residue. Gray represents undetected amino acid residues. The location of

actin-binding sequence 3 (ABS3) and the side chains for K162, H170, and

K174, which have been proposed to interact with the phosphate groups

on the inositol head group of the phosphoinositides, are also shown. We

propose that the phosphate groups on the fourth and fifth position influence

helix F, whereas the phosphate group on the third position influences helix

E. The structures of the phosphoinositides used in this study are also shown

(www.matreya.com).

Figure 4. Solvent accessibility differs throughout the CH2 domain. The

graph shows the relative deuterium incorporation per residue for each

peptic peptide following 15 min of H/D exchange. The structural units of

the CH2 domain are represented below the graph.

Phosphoinositide regulation of CH domain structure
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subsequent disruption of intramolecular interactions (Yin
and Janmey 2003; Janmey and Lindberg 2004). Whereas
these proteins are monomeric, a-actinin is a rather
unusual phosphoinositide binding protein which func-
tions as an antiparallel homodimer. Previously, we found
that PtdIns (4,5)-P2 and PtdIns (3,4,5)-P3 bind to the
CH2 domain, differentially regulating a-actinin interaction
with actin filaments and integrin adhesion receptors
(Greenwood et al. 2000; Fraley et al. 2003, 2005; Corgan
et al. 2004). However, it was not known how PtdIns (4,5)-
P2 and PtdIns (3,4,5)-P3 binding influences the structure of
the CH2 domain of a-actinin. H/D exchange MS provides a
novel approach to examine the regulation of protein
structure by phosphoinositide binding. The large amount
of exchange observed for the isolated CH2 domain after 15
sec, 75% of total exchange (Fig. 3), is one of the fastest
reported, and is consistent with the large number of
extended loop regions in the domain. Analysis of the H/D
exchange in the peptic fragments indicated that deuterium
incorporation was distributed throughout the CH2 domain,
reflecting relative uniformity in solvent accessibility across
the entire domain. The distribution of the observed amide
H/D exchange was consistent with the solvent accessibility
calculated from the molecular model of the CH2 domain
model derived on the crystal structure of the a-actinin 3
CH2 domain (Fig. 6). This analysis validates the use of H/D
exchange MS to examine the influence of phosphoinositide
binding on the solvent accessibility of the CH2 domain, and
allows direct comparison of deuterium incorporation in the
absence and presence of PtdIns (4,5)-P2 or PtdIns (3,4,5)-
P3. There were three major findings from these studies: (1)
PtdIns (3,4,5)-P3 increased and PtdIns (4,5)-P2 decreased
overall H/D exchange within the isolated CH2 domain,
(2) both PtdIns (4,5)-P2 and PtdIns (3,4,5)-P3 binding

decreased H/D exchange within the loop region preceding
helix F of the CH2 domain, and (3) PtdIns (3,4,5)-P3

binding increased H/D exchange within helix E of the CH2
domain. These results help to understand the mechanism by
which phosphoinositide binding regulates a-actinin struc-
ture and function.

Changes in the structural dynamics of a protein may
be regulated by local fluctuations or perturbations in
conformation. By examining peptic peptides following H/
D exchange, we could analyze the degree of amide
deuterium incorporation within local regions of the CH2
domain. From this analysis, we found that both PtdIns
(4,5)-P2 and PtdIns (3,4,5)-P3 decreased amide deuterium
incorporation into the loop region preceding helix F.
Since this region of the CH2 domain is affected by both
phosphoinositides, but is not known to be directly
involved in binding either of the phosphoinositides, we
suggest that the phosphates on the fourth and fifth
position of the inositol head group were responsible for
mediating perturbations to the protein conformation that
lead to decreased incorporation within this region (Fig.
5). Previous reports (Fukami et al. 1996; Fraley et al.
2003) have demonstrated that phosphoinositides bind
to residues 158–174 within the CH2 domain (Fig. 1).
Interestingly, both PtdIns (4)-P and PtdIns (5)-P can bind
to a-actinin, whereas PtdIns (3)-P does not (Fraley et al.
2003). In addition, PtdIns (4,5)-P2 and PtdIns (3,4,5)-P3

bind a-actinin with equal affinity, IC50 ; 5 mM. These
results suggest that the 4- and 5-phosphates mediate
the interaction of phosphoinositides with a-actinin.

Figure 6. Observed hydrogen–deuterium exchange within the CH2

domain was consistent with the model based on the crystal structure.

Comparison of normalized peptide exposure versus number of deuteriums

per residue observed in pepsin-digested CH2. A least-squares fit was

performed with each data point weighted by 1/S2, resulting in a linear

relationship of y ¼ 1.0584x + 0.3096 (R ¼ 0.75). The peptic fragments

from the 15-min CH2 deuterium incorporation experiment (Table 1) were

used for this analysis.

Figure 7. Phosphoinositide binding differentially regulated local hydro-

gen–deuterium exchange within the CH2 domain. The change in deuterium

incorporation resulting from PtdIns (4,5)-P2 or PtdIns (3,4,5)-P3 binding is

shown for each peptic peptide following 15 min of H/D exchange. The

structural units of the CH2 domain are represented between the graphs.
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Furthermore, site-directed mutagenesis of K162, H170,
and K174 in the CH2 domain significantly decreased
a-actinin binding to phosphoinositides, suggesting that
these positively charged residues may be interacting with
the negatively charged 4- and 5-phosphates. Since both
PtdIns (4,5)-P2 and PtdIns (3,4,5)-P3 inhibit F-actin
binding and bundling, we propose that the 4- and 5-
phosphates mediate a-actinin by constricting the CH2
domain and altering the orientation of ABS3 thereby
decreasing the affinity for F-actin.

We also found that PtdIns (3,4,5)-P3 increased deute-
rium incorporation within helix E. Since only PtdIns
(3,4,5)-P3 was observed to influence helix E, it is
probable that the phosphate group in the third position
of the inositol head group induces a conformational
change leading to the increased incorporation of deute-
rium within this region. Since only PtdIns (3,4,5)-P3 can
disrupt F-actin bundling (Corgan et al. 2004), we propose
that the 3-phosphate acts to disorder the CH2 domain,
therefore reducing the ability of a-actinin to bundle
F-actin. Interestingly, PtdIns (3,4,5)-P3 does not disrupt
the binding of the isolated actin-binding region to actin
filaments, suggesting that the influence of the 3-phos-
phate depends, in part, on other regions of the a-actinin
antiparallel homodimer. Cryoelectron microscopy (Tang
et al. 2001) and biochemical assays with the individual
domains (Young and Gautel 2000), provide strong evi-
dence suggesting that the N- and C-terminal regions of
a-actinin interact, although the precise interaction sites
have not been determined. We propose that the phosphate
group on the third position of the inositol head group
influences interactions between the N- and C-terminal
regions of a-actinin. This model is consistent with other
findings showing that PtdIns (3,4,5)-P3 binding disrupts
a-actinin interaction with integrin adhesion receptors to
spectrin repeats 1 and 2 (Greenwood et al. 2000; Kelly
and Taylor 2005) and increases the rate of a-actinin
cleavage by thermolysin within spectrin repeats 1 and 4
(Corgan et al. 2004). Based on the distance from the
phosphoinositide binding site to the spectrin repeats (Fig.
1), the most likely mechanism for PtdIns (3,4,5)-P3 to
regulate these regions is by altering the orientation of the
actin-binding region through regulation of the interaction
between the N- and C-terminal regions of a-actinin. Future
studies with full-length a-actinin will map the interface
between the N- and C-terminal regions and determine how
PtdIns (3,4,5)-P3 binding mediates this interaction.

Materials and Methods

Protein preparation

His-tagged CH2 domain (his-CH2) of human a-actinin 1 was
expressed and purified as described previously (Fraley et al.

2003) and dialyzed against 10 mM HEPES, pH 7.0, 50 mM
NaCl, 1 mM EDTA.

Global H/D exchange

His-CH2 (140 mM) was preincubated in the absence or presence
of 500 mM PtdIns (4,5)-P2 or PtdIns (3,4,5)-P3 for 15 min at 25°C.
Both PtdIns (4,5)-P2 or PtdIns (3,4,5)-P3 bind to the CH2 domain
with an IC50 of ;5 mM (Fraley et al. 2003). H/D exchange was
carried out at 4°C by diluting the protein 10-fold in D2O and
incubating for time increments of 0.25, 0.5, 1, 2, 5, and 15 min.
Final concentrations for each component were as follows: his-
CH2 (14 mM) and phosphoinositide (50 mM) in buffer containing
1 mM HEPES, pD 7.0, 5 mM NaCl, 0.1 mM EDTA. H/D ex-
change was quenched by removing 200 pmol of his-CH2 and
adding to formic acid (5%) resulting in a pH of 2.5. Samples were
then frozen in liquid nitrogen and stored at �80°C until MS
analysis. Samples (64 pmol/injection) were analyzed by a Fin-
nigan-Mat ESI-Quadrapole-Ion Trap mass spectrometer, with a
mass accuracy of 1 Da, following separation on a reverse phase C4

column (0.32 mm 3 100 mm, Jupiter, 5 m, 300 Å) at 4°C. Data
were gathered from global H/D experiments using the program
Xcaliber and processed using the program Magtran. Xcaliber files
were subjected to Magtran deconvolution resulting in a molecular
weight corresponding to a mass:charge peak envelope for each
time point (Kim et al. 2001).

Local H/D exchange

H/D exchange was carried out as described above with final
concentrations of 17 mM his-CH2 and 34 mM phosphoinositide.
Based on an IC50 ; 5 mM (Fraley et al. 2003), the ligand was
;80% bound under these conditions. Following quenching with
formic acid (final pH 2.5), immobilized pepsin (60 mL) was
added to 500 pmol of his-CH2 and incubated for 2 min at 4°C.
The pepsin beads were then pelleted by centrifugation, and the
supernatant removed, frozen in liquid nitrogen, and stored at
�80°C. Samples (34 pmol/injection) were analyzed by a Micro-
mass Q-Tof Ultima ESI mass spectrometer following separation
on a reverse phase C5 column (0.32mm 3 50 mm, Jupiter, 5 m,
300 Å) and C18 micron trap in series at 4°C. Peptide H/D
exchange data were collected and processed using MassLynx.
The deuterium level for each peptide was determined from the
difference in centroided masses between the deuterated and
nondeuterated peptide (Yan et al. 2004a).

Back exchange was estimated by measuring the deuterium
content of the peptides from pepsin digested CH2 domain pre-
pared using two different methods that promote full deuteration
of the protein. (1) His-CH2 was incubated in D2O for 36 h at
37°C. (2) His-CH2 was incubated for 36 h at 37°C in D2O
containing 8 M urea to denature the protein. Back exchange for the
16 peptides averaged 42.8% using method one and 43.0% using
method two, ranging from 27.0%–63.5%. The deuterium content
of the peptides was not adjusted for back exchange since the
peptides from the unliganded and liganded CH2 domain were
processed identically side by side. However, statistical analysis
comparing deuterium content of the unliganded CH2 domain with
that of the ligand bound form were carried out using a paired t-test.

Structural modeling

The atomic structure of the actin binding domain of human
a-actinin 3 was obtained from the Protein Data Bank (PDB

Phosphoinositide regulation of CH domain structure
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accession code 1TJT, chain A) and its sequence aligned with the
actin binding domain of human a-actinin 1 using ClustalW with
default parameters. The alignment was then submitted to
SWISS-MODEL (Schwede et al. 2003) for automated homology
modeling to derive a molecular model for the CH2 domain of
human a-actinin 1.

Solvent accessible surfaces for the peptic peptides were
calculated by the Connolly method (Connolly 1983) with the
molecular modeling program Insight II (Accelrys). First, hydro-
gen atoms were added to the model structure using standard
geometries. Solvent accessible surface areas were then calcu-
lated for each intact peptic peptide using a probe radius of 1.4 Å.
The accessible surfaces of individual amino acid components
from each peptic peptide were then calculated and used to
normalize the surfaces of the intact models for the fragments.
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