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Summary 

Iba2 is a homolog of ionized calcium binding adapter molecule 1 (Iba1), a 17 kDa protein that 

binds and crosslinks filamentous actin (F-actin) and localizes to membrane ruffles and 

phagocytic cups. Here, we present the crystal structure of human Iba2 and its 

homodimerization properties, F-actin crosslinking activity, cellular localization and 

recruitment upon bacterial invasion in comparison with Iba1. The Iba2 structure comprises 

two central EF-hand motifs lacking bound Ca
2+

. Iba2 crystallized as a homodimer stabilized 

by a disulfide bridge and zinc ions. Analytical ultracentrifugation revealed a different mode of 

dimerization under reducing conditions that was independent of Ca
2+

. Furthermore, no 

binding of Ca
2+

 up to 0.1 mM was detected by equilibrium dialysis. Correspondingly, Iba EF-

hand motifs lack residues essential for strong Ca
2+

 coordination. Sedimentation experiments 

and microscopy detected pronounced, indistinguishable F-actin binding and crosslinking 

activity of Iba1 and Iba2 with induction of F-actin bundles. Fluorescent Iba fusion proteins 

were expressed in HeLa cells and colocalized with F-actin. Iba1 was recruited into cellular 

projections to a larger extent than Iba2. Additionally, we studied Iba recruitment in a Shigella 

invasion model that induces cytoskeletal rearrangements. Both proteins were recruited into 

the bacterial invasion zone and Iba1 was again concentrated slightly higher in the cellular 

extensions. 
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Introduction 

Iba1, also known as allograft inflammatory factor 1 (AIF-1), is a 17 kDa protein with a central 

pair of EF-hand motifs [1]. This feature is common to a large family of Ca
2+

-binding proteins 

known as EF-hand proteins [2]. Iba1 was found to bind calcium ions in overlay assays [3]. 

The structure of human Iba1 (h-Iba1) was determined by X-ray crystallography (PDB code 

2d58) [4] and NMR (unpublished; PDB code 2G2B). Both techniques revealed a monomeric, 

Ca
2+

-free protein. However, the crystal structure of Iba1 from mouse (m-Iba1; PDB code 

1wy9) showed a homodimeric protein with Ca
2+

 bound to only the second EF-hand motif [4]. 

Thus, the dimerization of Iba1 was suggested to be induced by Ca
2+

 binding.  

A homolog of Iba1 named C9orf58 or Iba2 was revealed by the Human Genome Project. 

Human Iba2 consists of 150 amino acids (17kDa), and the sequence identity to h-Iba1 is 60%. 

A systematic microarray study has revealed expression profiles for most of the human 

transcripts and uncovered different tissue specific expression of Iba1 and Iba2 [5]. For Iba1, a 

preferential expression in spleen, tonsil, lymph node, thymus and also lung was found, 

confirming previous results [6, 7]. A pronounced expression in the kidney was found for Iba2. 

Iba1 is upregulated in mononuclear cells found in transplanted hearts in the course of allograft 

rejection [7, 8] and in heart arteries injured by balloon angioplasty [6]. Iba1 expression in 

vascular smooth muscle cells (VSMC) is induced upon tissue injury by cytokines [9]. Iba1 

expression was examined in mouse by comprehensive immunohistochemistry. All 

subpopulations of macrophages were positive, except for alveolar macrophages [10]. 

Spermatids were the only cells not belonging to the monocyte/macrophage lineage expressing 

Iba1 [10]. Organized actin cytoskeleton remodeling is essential for macrophages and Iba1 was 

found to bind and crosslink filamentous actin (F-actin) [11, 12] and to translocate to 

lamellipodia, membrane ruffles and phagocytic cups [3, 12]. Iba1 cooperates with L-fimbrin, 

another F-actin-bundling protein, as it was shown to directly bind fimbrin and to enhance its 

activity [13].  

This study is the result of a systematic analysis of proteins [14] encoded by clones of the 

German cDNA Consortium [15]. LIFEdb, a database integrating systematic studies with this 

cDNA collection, includes information on the subcellular localization of the corresponding 

proteins [16, 17]. LIFEdb reports colocalization with the cytoskeleton and adhesion plaques 

for the Iba2 cDNA clone DKFZp761J191 derived protein.  

The structure presented here reveals functional similarities and differences between Iba1 and 

Iba2. We investigated Ca
2+ 

binding and homodimerization of Iba1 and Iba2. Furthermore, F-
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actin binding and crosslinking assays were performed with both human Iba proteins, and their 

role in bacterial invasion was investigated. 

 

 

 

 

 

Results 

Crystal structures of Iba2 

Human Iba2 crystallized in two different crystal forms under the same conditions. The first 

crystal form (Iba2t) grew in the trigonal space group P3221 and contained one molecule per 

asymmetric unit. The second form (Iba2o) crystallized in the orthorhombic space group 

P21212 with four molecules in the asymmetric unit (Table 1). The Iba2 structure was solved 

by molecular replacement using m-Iba1 (PDB-code 1WY9) [4] as a search model, which 

shares a sequence identity of 60% with Iba2. The crystal structure of Iba2t was refined to a 

maximal resolution of 2.45 Å while Iba2o was refined to 2.15 Å. 

Iba2 is a compact, single-domain protein composed mainly of α-helices (Fig. 1, 2). The core 

of Iba2 is a pair of EF-hand motifs, denoted as EF-hands 1 and 2, each consisting of two α-

helices (αA, αB and αC, αD, respectively) flanking a loop region able to bind calcium ions in 

EF-hand proteins [18]. As commonly observed in EF-hand proteins [18], the two motifs have 

an approximately two-fold rotation symmetry with a pseudo-dyad axis passing through the 

small anti-parallel β-sheet in the center. Despite extensive efforts, no crystal structure with 

calcium ions bound to the EF-hands could be obtained. Two additional helices (αN and αE) 

complement the EF-hand pair on both termini. 12 residues at the N-terminus and 23 residues 

at the C-terminus are not visible in the final electron density maps of the five Iba2 molecules 

observed in total. Thus, the termini are either flexible or degraded. All five molecules show 

basically the same conformation with root mean square deviations (r.m.s.d.) of Cα atoms 

ranging from 0.77 to 0.91 Å. In one molecule of Iba2o, however, the residues 74 - 90 of the 

helix-loop-helix region αB–αC are not resolved. 

The overall topology of Iba2 shows structural similarities to classical EF-hand proteins. The 

second pair of EF-hands in calmodulin (PDB code 1CLL) [19] and the second pair of EF-

hands in troponin C (PDB code 1NCX) [20] are structurally closely related to Iba2. The 

corresponding DALI Z-scores are 8.2 and 7.2, respectively. As expected, h-Iba1 [4] is 

structurally most closely related to Iba2 (Z-score 13.4).  
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Unusual dimerization of Iba2 

In crystal form Iba2t, which contains one monomer per asymmetric unit, a homodimer is 

assembled that contains a central disulfide bridge between Cys35 residues of adjacent 

molecules related by crystallographic symmetry along a two-fold rotation axis (Fig. 2). This 

dimer is stabilized further by the coordination of two Zn
2+

 ions by Glu28 and Glu43 side 

chains in the dimerization interface. Zn
2+

 was provided by the crystallization solution, which 

contained 100 mM zinc acetate. Nevertheless, the dimerization interface is relatively small 

and includes only three hydrogen bonds between the dimer subunits. The interface comprises 

approximately 360 Å
2
 corresponding to only 5% of the total solvent accessible surface area of 

one Iba2 molecule. 

Crystal form Iba2o with its four molecules in the asymmetric unit contains two similar 

homodimers, which are formed by non-crystallographic symmetry in this case. These two 

dimers feature identical Cys35-Cys35' disulfide bridges as observed in crystal form Iba2t. 

Moreover, there is only one Zn
2+

 ion bound in each dimerization interface of Iba2o and the 

Zn
2+

 ions are additionally coordinated by His85 side chains of adjacent molecules. There are 

two additional Zn
2+

 ions bound by the Glu64 and Asp107 side chains of adjacent molecules as 

well as by the Glu32 side chains of neighbouring molecules along a two-fold rotation axis. 

These ions form stabilizing crystal contacts, but are not located in potential dimerization or 

oligomerization interfaces. 

 

Dimerization in solution 

Purification of Iba2 was always performed in the presence of a reducing agent, dithiothreitol 

(DTT). SDS-PAGE without prior reduction confirmed the absence of disulfide bonds in 

purified Iba2 (data not shown). However, formation of a disulfide-bridged dimer by oxidation 

was observed upon removal of DTT and incubation at room temperature. It is likely that the 

disulfide bond in the Iba2 structures formed during crystallization after the DTT in the buffer 

had been oxidized. Analytical ultracentrifugation showed that human Iba1 and Iba2 form 

homodimers under reducing conditions with dissociation constants of approximately 150 and 

20 µM, respectively (Fig. 3). The presence of Ca
2+

 had only a marginal effect on the 

dimerization of both Iba proteins. 

 

F-actin binding and crosslinking 
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Iba1 is known to bind and crosslink actin polymers [12]. We found that both Iba1 and Iba2 

co-sedimented to a similar extent with actin polymers in ultracentrifugation experiments (Fig. 

4A). Removal of Ca
2+

 by EGTA had no effect on the co-sedimentation of Iba1 and Iba2. 

Actin polymers alone do not sediment during centrifugation at 8,000 g (Fig. 4B). When 

added at 0.1:1 molar ratio, both Iba1 and Iba2 efficiently shifted F-actin into low-speed 

pellets, indicating extensive F-actin crosslinking. This effect was even stronger at higher 

molar ratios. Ca
2+

 dependence of the crosslinking activity was not tested.  

Actin polymers specifically stained with a fluorescent phalloidin analog appear as a loose 

network of thin fibers with occasional formation of bundles (Fig. 5A). Bundle formation 

differs between actin isoforms and is a function of polymer concentration and ionic strength 

[21]. At 0.1:1 molar ratio, both Iba proteins completely abolish the background of thin actin 

fibers and crosslink all actin polymers into bundles (Fig. 5B-C). There are no apparent 

differences in the filament-crosslinking efficiency of Iba1 and Iba2 or in the overall 

morphology of the generated filament bundles.  

 

Calcium affinity of Iba1 and Iba2 

Homodimerization and actin binding of Iba1 and Iba2 were similar in the absence or presence 

of calcium ions. Calcium binding in solution was assayed by equilibrium dialysis. Iba1, Iba2 

and calmodulin as positive control were dialyzed against a CaCl2 solution that was labelled by 

a trace amount of radioactive 
45

CaCl2.  

When protein samples are subjected to equilibrium dialysis, they end up with the same 

concentration of free ligand molecules as in the dialysis buffer and with additional ligand 

molecules bound to the protein. An increased Ca
2+ 

concentration was observed in the dialyzed 

calmodulin sample due to binding of Ca
2+ 

(Fig. 6). No calcium binding was observed for Iba1 

and Iba2. 

 

Cellular localization and recruitment to sites of Shigella invasion 

We expressed CFP-tagged Iba2 in HeLa cells and found that the construct colocalized with F-

actin (Fig. 7A-C), in particular with subcortical filaments. Iba2 was also found in cellular 

projections and adhesion structures, but it was less concentrated in these structures. 

Recruitment of human YFP-tagged Iba1 into cell adhesion plaques and cellular projections 

was more pronounced in comparison (Fig. 7D-F). 

In order to verify these potential differences in recruitment patterns of Iba isoforms, we 

studied Iba recruitment in a Shigella invasion model known to induce major cytoskeletal 
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rearrangements [22]. Here, we show that both Iba proteins are recruited into the bacterial 

invasion zone. Again, Iba2 seemed to be less concentrated in membrane ruffle-like cellular 

protrusions (Fig. 8A-D) compared with Iba1 (Fig. 8E-H). In order to verify this relatively 

subtle difference in protein recruitment behaviour of the two Iba proteins, we studied both 

Iba1 and Iba2 constructs in individual cells. We therefore double-transfected HeLa cells with 

both Iba constructs, infected the cells and obtained Iba1- or Iba2-specific recruitment patterns 

in individual cells. As shown in Fig. 8I-L, Shigella-induced Iba2 recruitment into cellular 

protrusions was less pronounced than the Iba1 pattern. 

 

 

Discussion 

Structural comparison of Iba2 with Iba1 

Structurally, the Iba2 monomer is very similar to monomeric h-Iba1 [4] (Fig. 9A). The 

r.m.s.d. of common Cα atom positions is 1.5 Å. The two structures differ significantly only in 

the conformation of EF-hand 2 (as discussed below). 

Dimeric m-Iba1 [4], on the other hand, deviates more from Iba2 as substantiated by an 

r.m.s.d. of 4.2 Å. There is an overall conformational rearrangement including a positional 

shift of helices αB and αC (Fig. 9B). But most notably, the C-terminal helix αE is relocated by 

up to 15 Å for residue Ile117 of m-Iba1 (black arrow in Fig. 9B). This dramatic 

rearrangement opens the dimerization interface and enables the tight interaction of the 

subunits in the m-Iba1 homodimer. It was suggested that the movement of αE is induced by 

Ca
2+

 binding to EF-hand 2 [4]. 

The three crystal structures have in common that the terminal residues of the Iba proteins are 

not visible in the electron density. 12-16 residues of the N-terminus and 20-23 residues of the 

C-terminus are missing in these structures. For the Iba1 crystal structures, this observation 

was attributed to a partial truncation of the proteins. Furthermore, an NMR structure of h-Iba1 

(PDB code 2G2B) verifies that 17 N-terminal and 18 C-terminal residues are indeed 

unstructured. 

 

Iba2 is a homodimer in the crystal but not in solution 

The homodimer of Iba2 observed in both crystal forms has a dimerization interface of 360 Å
2
 

corresponding to 5% of the total protein surface. This interface is unusually small for 

physiological homodimers because approximately 1000 Å
2
 would be expected for a 17 kDa 

protein on average [23]. 
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The Iba2 homodimer contains a central disulfide bond formed by Cys35 residues of both 

subunits. Considering that the crystallization of Iba2 is difficult to reproduce, the disulfide 

bond formation seems to occur after consumption of the reducing agent DTT by oxygen in the 

crystallization plates. Residue Cys35 is not conserved in Iba1. In Iba2, it appears to be 

conserved, but it must be noted that its gene has only been sequenced from four mammals so 

far. 

Furthermore, the dimer in Iba2t contains two Zn
2+

 ions bound in a symmetrical fashion inside 

the interface, whereas both dimers in Iba2o coordinate only one Zn
2+

 ion each in an 

asymmetric geometry. This inconsistency suggests that the Zn
2+

 coordination may not appear 

in vivo, but only during crystallization in presence of 100 mM zinc acetate, where it provides 

essential crystal contacts. In conclusion, the homodimerization observed in both Iba2 

structures seems to be restricted to the crystalline state. 

It was shown previously that symmetric proteins, such as homodimers, crystallize more 

readily on average than asymmetric, monomeric proteins by a factor of ca. 1.5 [24]. Thus, it 

was suggested to dimerize monomers artificially by disulfide bonds between single cysteine 

residues introduced by site-directed mutagenesis [24]. In the case of Iba2, a natural cysteine 

residue causes the protein to dimerize. Furthermore, the Zn
2+

-coordination contacts prevent 

the dimer from rotating around the disulfide bond. In crystal form Iba2t, the internal symmetry 

of the dimer is embodied within the crystal symmetry, such that the dimer is located with its 

axis of symmetry on an axis of two-fold symmetry in the crystal. Therefore, only one 

monomer constitutes the asymmetric unit of this crystal form. In crystal form Iba2o, on the 

other hand, the crystal symmetry takes no advantage of the internal symmetry. Hence, the 

asymmetric unit contains 2 dimers. 

Analytical ultracentrifugation showed that both human Iba proteins are able to dimerize to 

some extent. Nevertheless, the dimer formed in solution seems to differ from the crystallized 

Iba2 dimer because the ultracentrifugation experiments were conducted in presence of a 

reducing agent and in the absence of Zn
2+

. Thus, disulfide bond formation as well as Zn
2+

-

assisted contacts were disfavored. The rather weak dissociation constants indicate that only a 

small fraction of the Iba proteins exists as dimers in vivo, although the dimerization process 

might be accelerated by other factors such as actin binding. The dimer in solution is probably 

analogous to the dimer observed in the m-Iba1 structure, where the dimeric form was 

obviously trapped in the crystallization process.  
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The function of Iba proteins does not depend on Ca
2+

 

Equilibrium dialysis showed that neither Iba1 nor Iba2 bind Ca
2+

 in presence of 100 µM Ca
2+

 

and ultracentrifugation revealed no significant influence of Ca
2+

 on the homodimerization. It 

is possible that the proteins bind calcium ions at higher concentrations than tested here. 

However, it should be noted that the Ca
2+

 concentration found in the cytoplasm of mammalian 

cells, where the native Iba proteins are localized, is 0.1–10 µM. Calcium overlays had 

demonstrated weak calcium binding of Iba1 EF-hand 1, but not of EF-hand 2 [3, 25], in 

contrast to the m-Iba1 crystal structure [4], which revealed a calcium ion bound to EF-hand 2 

only. 

Ca
2+

 binding had been reported to be necessary for Iba1 function in membrane ruffling and 

phagocytosis [3] and to enhance the interaction of Iba1 with F-actin to a certain degree [11]. 

In the present study F-actin binding and crosslinking by Iba proteins was calcium-

independent, confirming previous results for Iba1 [12, 25]. These differing results may be due 

to the difficulties of quantifying actin binding exactly. 

Our study indicates that neither Iba protein binds nor depends on Ca
2+

 for its function. We 

conclude that their actin binding and crosslinking activity has to be regulated by other factors 

than Ca
2+

. 

 

EF-hand 1 is functionally inactive 

Calcium ions in typical EF-hands are coordinated by six to seven oxygen atoms in pentagonal 

bipyramidal geometry. Classical EF-hand proteins like calmodulin and troponin C with a high 

Ca
2+

 affinity possess three to four acidic residues that bind the calcium ion via their negatively 

charged side chains [18]. 

EF-hand 1 was not observed to bind Ca
2+

 in any Iba structure. The conformation of the EF-

hand 1 loop is very similar in all these structures: a type I β-turn, which is stabilized by 

several hydrogen bonds. This β-turn conformation is not observed in typical EF-hand loop 

structures [26]. It is very rare and has so far only been observed in the human S100 protein 

psoriasin (S100A7) [27]. This loop conformation prevents binding of Ca
2+

 to EF-hand 1 

without prior spatial rearrangement. Although EF-hand 1 of the Iba proteins shows some 

resemblance with the consensus sequence, the crucial glutamate in the last position of the 

motif (the ‘–Z’ position) [28] is substituted mostly by serines or glycines. The coordination of 

Ca
2+

 by the -Z glutamate is the prime reason for the movement of the outgoing helix and the 

conformational change of EF-hand proteins upon Ca
2+

 binding [18]. Thus, it may be 

concluded that EF-hand 1 of the Iba proteins is not capable of functional Ca
2+

 binding.  
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Function of EF-hand 2 

In both Iba1 crystal structures, the loops of EF-hand 2 adopt essentially the same conforma-

tion (Fig. 9C). In Iba2, on the other hand, residues 96–100 of the loop are in a different, more 

open conformation, and a rearrangement would be necessary to bind a calcium ion. A closer 

inspection of both Iba1 crystal structures shows that the open loop conformation was not 

possible because of steric clashes with adjacent molecules in their crystal lattices. The NMR 

structure of m-Iba1 (PDB code 2G2B) indicates that both conformations coexist in solution. 

Crystal structures with bound calcium ions could neither be obtained for h-Iba1 [4] nor for 

Iba2. Only in m-Iba1 was Ca
2+

 observed to bind to EF-hand 2 [4]. It should be noted, 

however, that the Ca
2+

 concentration of 2.5 mM used for the crystallization is two orders of 

magnitude higher than that in the cytoplasm. This large discrepancy raises the question if the 

observed Ca
2+

 binding can occur in vivo. 

In contrast to classical EF-hand proteins, the Ca
2+

 in m-Iba1 is not coordinated in pentagonal 

bipyramid geometry, but resides in the center of a distorted tetrahedron. There are additional 

contributions by the Thr100 carbonyl group at an unusual angle and a water molecule. A 

comparison of EF-hand 2 with the consensus motif [26] shows that it does not contain any 

acidic residues for the Ca
2+

 coordination in the N-terminal half (Fig. 1). However, this first 

half of the loop is supposed to bind the calcium ion initially [18]. Furthermore, the last residue 

of the loop, the –Z position, is not a glutamate but a shorter aspartate residue, which cannot 

bind Ca
2+

 in a bidentate manner as glutamate usually does. Overall, the Ca
2+

 coordination 

appears too weak to overcome the energy barrier of the conformational rearrangement giving 

rise to the dimerization observed in the m-Iba1 structure. Moreover, the conformational 

change from the monomeric Iba structures to the dimeric m-Iba1 is very different from that of 

any known EF-hand protein. Surprisingly, it is not the outgoing helix αD of EF-hand 2, which 

shifts its location, but the incoming helix αC. Furthermore, there is a more pronounced 

rearrangement in EF-hand 1 than in EF-hand 2, although EF-hand 1 does not bind Ca
2+

. 

Therefore, it may be questioned if the rearrangement and dimerization of the Iba proteins are 

indeed caused by Ca
2+

 binding. 

 

Cellular localization and recruitment to sites of Shigella invasion  

While intracellular localization patterns of Iba2 were similar to patterns seen with Iba1 

constructs, Iba2 recruitment into peripheral structures was less pronounced, resulting in a less 

distinct peripheral pattern compared with Iba1 (Fig. 7, 8). We used a model for Shigella 
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invasion of epithelial cells [22] to study Iba recruitment into bacteria-induced membrane 

ruffles. In this model, Rac and RhoA are recruited around entering bacteria (peribacterial 

recruitment), while RhoC and the ERM protein ezrin accumulate in cellular protrusions [29]. 

Peribacterial protein recruitment is considered to be part of early invasion steps; whereas 

protein recruitment into membrane ruffles occurs at a later stage of infection [29]. In the 

present study, no peribacterial recruitment of the Iba proteins was observed. In the Shigella 

invasion model of epithelial cells, CDC42, Rac and Rho are essential for efficient 

internalization of the bacteria [30-32]. Interestingly, Iba1 has been associated with Rac-

mediated membrane ruffling in a variety of cells. However, direct protein-protein interaction 

of Rac and Iba1 has not been reported [3, 33, 34]. Thus, our finding of Shigella-induced Iba 

recruitment into membrane ruffles in contrast to the peribacterial staining pattern of Rac is 

compatible with the view that Iba and Rac proteins do not directly interact with each other 

during Shigella invasion of epithelial cells. The peripheral staining pattern seen in the 

bacterial invasion model suggests a role for Iba downstream of Rac activation. This is in 

agreement with data showing inhibition by an Iba deletion mutant of cellular protrusions 

induced by constitutively active Rac [3]. A potential role for the Iba proteins in generation 

and/or maintenance of Shigella-induced membrane ruffles is stabilizing membrane-associated 

actin filaments by crosslinking, similar to Iba activity in phagocytes [12]. In addition to Iba, 

the actin crosslinking proteins α-actinin [32] and plastin [22] have been found in Shigella 

entry sites, showing recruitment patterns similar to Iba. While the morphology of Iba-induced 

actin bundles has been described [12], it is unknown whether Iba-mediated bundling of F-

actin is sensitive to the orientation of actin filaments. Similarly, nothing is known about 

potentially functional differences between Iba isoforms due to the slightly varying recruitment 

patterns described here.  

 

Conserved surface residues and actin crosslinking 

In sequence alignments, highly conserved regions of the Iba proteins become apparent (Fig. 

1). When the conservation of residues is plotted on the protein surface, Iba1 and Iba2 show 

very similar highly conserved regions (Fig. 10A-B). As expected, the residues comprising the 

Iba1 dimerization interface are highly conserved in Iba1 as well as in Iba2. Surprisingly, the 

helix-loop-helix region αB–αC, which comprises the outgoing helix of EF-hand 1 and the 

incoming helix of EF-hand 2, is also strictly conserved; even though it is solvent-exposed. 

This region contains several hydrophobic residues on the surface and is almost uncharged, 

while it is surrounded by highly charged patches (Fig. 10C). This helix-loop-helix region 
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undergoes a structural rearrangement upon dimerization in m-Iba1 [4] and was observed to be 

flexible in one of the four molecules in Iba2o. Thus, this conserved region may constitute an 

interface for interaction with another protein, possibly actin.  

It is likely that Iba monomers, due to their small size, have only one F-actin binding site. 

Consequently, F-actin crosslinking would require Iba homodimerisation. We observed Iba 

homodimerisation in our analytical ultracentrifugation experiments and the crystal structure of 

mIba1 [4] shows a homodimer. The role of Iba homodimerisation in F-actin  crosslinking 

remains to be studied.  

 

Conclusion 

According to our studies, Iba1 and Iba2 share similar overall structures and molecular 

functions. They are able to crosslink actin, which probably requires dimerization of the Iba 

proteins. The actin-crosslinking ability might play a role during the invasion of host cells by 

Shigella and other invasive pathogens. While Iba2 generally appears to be less active than 

Iba1, the most outstanding difference between both Iba proteins seems to be their distinct 

expression patterns in various tissues of the body. 

 

 

 

Experimental procedures 

Cloning 

A full-length human Iba2 cDNA fragment (GenBank CAB66501) was amplified by PCR 

from the clone DKFZp761J191 [15]. Primers CTG GAT CCT CGG GCG AGC TCA GCA 

AC and GAC GGC GGC CGC TCA GGG CAG GCT AGC AAT GTC T were used. The 

PCR product was cloned into the vector pQTEV (GenBank AY243506) using BamHI and 

NotI restriction sites and introduced into E. coli SCS1 cells carrying the pRARE plasmid [35], 

and a resulting clone was used for overexpression of Iba2 (GenBank DQ000573, PSF ID 

109968, RZPD ID PSFEp250B085).  

cDNA clones of the LIFEdb [16] for expression of human Iba2 as C-terminal YFP or N-

terminal CFP fusion proteins were a gift from Stephanie Bechtel and Stefan Wiemann (DKFZ 

Heidelberg). These plasmids contain the DKFZp761J191 open reading frame in the vectors 

pdEYFP-N1gen and pdECFP-C1amp, respectively [17]. 
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The open reading frame of the human Iba1 cDNA clone IOH13810 (Invitrogen), 

corresponding to GenBank NM_001623, was obtained from the RZPD German Resource 

Center in the expression vector pDEST17-D18. BL21(DE3) E. coli cells were transformed for 

protein expression. The same cDNA was also obtained in the vectors pdEYFP-C1amp und 

pdEYFP-N1gen [17] for expression of C-terminal and N-terminal YFP fusion proteins in 

mammalian cells.  

 

Fermentation and purification 

Iba2 was prepared for crystallization as follows. Clone ID 109968 was fermenter-grown to an 

OD600 of 8 in 4 L of SB medium (12 g/L bacto-tryptone, 24 g/L yeast extract, 0.4% (v/v) 

glycerol, 17 mM KH2PO4, 72 mM K2HPO4) supplemented with 20 µg/mL thiamine, 

100 µg/mL ampicillin and 34 µg/mL chloramphenicol. Protein expression was induced with 

1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 3 h at 37 °C. Cells were pelleted by 

centrifugation and washed with extraction buffer (20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 

0.5 mM EDTA (ethylenediaminetetraacetic acid), 1 mM PMSF (phenylmethylsulfonyl-

fluoride), 5 mM 2-mercaptoethanol). The cells were lyzed, and cell lysates and proteins were 

stored at 4 °C. Protein purification steps were performed at room temperature. The pellets of 

the protein-expressing cells were resuspended in a 4-fold volume of extraction buffer. Lyso-

zyme was added to 0.4 mg/mL and cells were disrupted by sonification. Cellular debris was 

removed by centrifugation (55,000×g, 45 min), and the supernatant was filtrated through 

cellulose nitrate (0.45 μm). The pH of the solution was adjusted to pH 7.4 and the extract was 

applied to a 10-mL TALON Superflow 16/20 column (BD Biosciences) equilibrated with 

buffer (20 mM Tris-HCl, pH 7.4, 500 mM NaCl, 10 mM imidazole). The protein was eluted 

using buffer containing 50 mM NaCl, 200 mM imidazole, 0.5 mM EDTA, and 1 mM DTT 

(dithiothreitol). TEV protease (1:40) was added to remove the His6 tag (2 h, 4 °C). The 

protein solution was diluted 5-fold in 20 mM Tris-HCl, pH 7.4 and applied to a 8-mL POROS 

20 S cation-exchange chromatography column (Applied Biosystems), mainly to remove the 

TEV protease. The flow-through of the cation-exchange chromatography was applied to a 

POROS 20 HQ anion-exchange chromatography column (4 mL volume), and Iba2 was again 

found in the flow-through. After size-exclusion chromatography (Superdex 75 XK 16/60, 

Amersham) the protein yield was 177 mg. Samples were concentrated using Vivaspin 10 

concentrators (Vivascience) and stored in 15 mM Tris-HCl, pH 7.4, 50 mM NaCl, 0.1 mM 

EDTA, 2 mM DTT, 0.02% NaN3. 
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Iba1 and Iba2 for binding studies were prepared as described above, but without ion exchange 

chromatography. The N-terminal His6 tag of the Iba1 protein product (19kDa) was not 

removed, while Iba2 was used without tag (17 kDa). The purified and concentrated proteins 

were shown to be monodisperse by dynamic light scattering (Laser Scatter201, RiNA GmbH, 

Germany). 

 

Crystallization 

Iba2 was crystallized by the sitting-drop vapour-diffusion method at 20 °C. 400 µL of protein 

(18.1 mg/mL in 15 mM Tris-HCl, pH 7.4, 50 mM NaCl, 0.02% NaN3, 2 mM DTT and 0.1 

mM EDTA) were added to 400 µL of reservoir solution (13-15% [w/v] PEG 4000, 100 mM 

Na-acetate, pH 5.0, and 100 mM zinc acetate). Crystals of two distinct morphologies grew 

within two weeks: an orthorhombic crystal form (Iba2o) with a size of 1000  300  50 µm 

and trigonal crystals (Iba2t) with sizes of 500  400  400 µm. Prior to X-ray data collection, 

20% (v/v) PEG 400 was added for cryo-protection. Iba2t crystals belong to space group P3221 

with cell constants a=b=70.5 and c=95.2 Å. These crystals contain one Iba2 molecule per 

asymmetric unit with a VM-value [36] of 4.0 Å
3
/Da and a solvent content of 69%. Iba2o 

crystals belong to space group P21212 with cell constants a=71.5, b=186.5 and c=51.4 Å. A 

VM-value of 2.5 Å
3
/Da corresponding to a solvent content of 51% was obtained for a lattice 

with four molecules in the asymmetric unit. 

 

Data collection, structure determination and analysis 

X-ray diffraction data were collected at the BESSY beamline BL14.1 [37]. Data were 

processed with XDS [38] and scaled with Scala of the CCP4 program suite [39]. The structure 

of m-Iba1 [4] (PDB code 1WY9) served as a model for molecular replacement using Phaser 

[40]. CNS [41] was used for rigid-body and simulated-annealing refinement, REFMAC [42] 

for subsequent refinement, including TLS protocols. Coot was used for manual model 

building and structural analysis [43]. The structures were validated using WHAT IF [44] and 

PROCHECK [45]. Molecular drawings were prepared using PyMOL [46]. LSQKAB of the 

CCP4 suite [39] was used to calculate root-mean-square deviations and DALI [47] to identify 

structural protein homologs. 

 

Purification of actin 

Non-muscle β-actin was purified from bovine brain [48, 49]. Briefly, the method involved 

affinity purification of profilin-actin complexes on poly-L-proline Sepharose, enrichment of 
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actin by a cycle of polymerization and depolymerization, isoform separation by 

hydroxyapatite chromatography, and a final gel filtration step. 

 

Actin cosedimentation and crosslinking assays 

Samples of actin (4 µM) were induced to polymerize by addition of 1 mM MgCl2 and 0.15 M 

KCl alone or in the presence of Iba1 or Iba2, and incubated at room temperature for 2-3 h. 

Dependency on Ca
2+

 was assessed using either 0.5 mM CaCl2 or 0.5 mM EGTA in the 

polymerization buffer. For cosedimentation analyses, samples were subjected to 

ultracentrifugation at 200,000 g for 45 min at 22 °C in a Beckman Maxima. For crosslinking 

analyses, samples were centrifuged at 8000 g in a tabletop centrifuge. In each case, equal 

amounts of the supernatants and pellets were analyzed by SDS-PAGE and Coomassie 

staining. 

 

In vitro actin fluorescence microscopy 

Actin polymers (4 µM) formed under the above conditions were supplemented with 100 nM 

Alexa488-phalloidin (Invitrogen) and incubated at room temperature on cover slips alone or 

in the presence of Iba1 or Iba2 (0.5 µM), or neurabin-2 with an intact or truncated actin 

binding domain (1µM) [50]. Samples were mounted in Vectashield (Vector Laboratories) and 

imaged using a 100x Fluoroplan oil immersion lens on a Zeiss Axioplan-2 microscope, and 

images were captured using a Zeiss Axiocam camera and AxioVision imaging software. 

 

Calcium equilibrium dialysis 

Equilibrium dialysis was performed according to Stevens et al. [51]. The buffer of purified 

Iba1 and Iba2 was exchanged against ED buffer (20 mM PIPES-NaOH, pH 7.0, 100 mM 

NaCl, 1 mM DTT) by dialysis. Calmodulin from bovine brain (Sigma) was dissolved in ED 

buffer. 160 µM Iba1, 160 µM Iba2 and 40 µM calmodulin were used, because calmodulin 

contains four Ca
2+

 binding sites. Equilibrium dialysis was performed for 20 h at room 

temperature in 3.5K Slide-A-Lyzer Dialysis Cassettes (Pierce) against 250 mL ED buffer 

containing 100 µM CaCl2 and 7 kBq/mL 
45

CaCl2. 50 µL aliquots of the dialysis buffer and 

protein samples were measured in a scintillation counter. Protein integrity was verified by 

dynamic light scattering and SDS-PAGE before and after the dialysis. 

 

Disulfide-bond formation assay 
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Purified Iba2 in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1 mM EDTA was incubated for 

one week at 10 °C alone or in the presence of either 2.5 mM CaCl2, 2 mM DTT or both. 

Proteins were analyzed by non-reducing SDS-PAGE and Coomassie staining.  

 

Quaternary structure determination by analytical ultracentrifugation 

Molecular mass studies on the human Iba proteins were performed using an analytical 

ultracentrifuge (Beckman XL-A, Palo Alto, USA) equipped with absorbance optics. Samples 

of about 70 µL protein with increasing concentrations were centrifuged 2 h at 26,000 rpm, 10 

°C (over-speed) in externally loaded six-channel cells against buffer (20 mM Tris-HCl, pH 

7.5, 100 mM NaCl, 0.1 mM EDTA, TCEP) alone or in the presence of 2.5 mM CaCl2. 

Sedimentation equilibrium was reached by a subsequent 26–30 h run at 10 °C. The radial 

concentration distributions of each sample were recorded at three different wavelengths 

between 260 and 290 nm and fitted globally to Eq. (1): 

MK

rmr eAA   with  
RT

rr
K m

2

)()1( 222

  (1) 

using POLYMOLE [52]. In these equations,  is the solvent density, is the partial specific 

volume of the Iba protein,  is the angular velocity, R is the gas constant and T the absolute 

temperature. Ar is the radial absorbance and Arm represents the corresponding value at the 

meniscus position. When proteins adopt a monomer-dimer equilibrium, the molecular mass, 

M, can be treated as a weight average parameter (Mw). 

In the present case, this value is a composite of the molecular mass values Mm and Md and the 

partial concentrations of monomers, cm, and dimers, cd, according to Eq. (2) 

dm

ddmm
w

cc

McMc
M   (2) 

Therefore, the equilibrium constant can be determined with dmd ccK /2  (3) 

 

Culture and transfection of HeLa cells 

HeLa cells were grown on 22  22 mm cover slips placed in 6-well plates with 2 mL of 

minimal essential medium (MEM with Earle’s salts and glutamine) with 10% fetal calf serum 

(FCS). Standard calcium phosphate precipitation techniques [53] with 6 µg of plasmid DNA 

per well of a 6-well plate were employed for transient transfection of HeLa cells 24 h prior to 

bacterial infection. 
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Shigella strains 

SC301 is derived from the wild-type invasive strain M90T, SC300 is derived from BS176, a 

non-invasive mutant of M90T cured of the large virulence plasmid. Shigella strains SC300 

and SC301 contain plasmid pIL22 encoding an afimbrial adhesin of uropathogenic E. coli 

[54]. 

 

Shigella infection of HeLa cells 

Infection of HeLa cells was performed as described previously [29]. Briefly, bacteria were 

grown to mid-exponential phase in tryptic soy broth (TSB), centrifuged, PBS-washed and 

resuspended in MEM. Cells were washed twice with MEM and the medium replaced by 2 mL 

of the bacterial suspension (6  10
7
/mL) at room temperature (rt). After sedimentation of the 

bacteria at rt, the preparation was set on top of a water bath at 37 °C to trigger the infection. 

After 13 min of infection, preparations were washed 5 times with PBS and fixed in 3.7% 

(w/v) formaldehyde in PBS. 

 

Immunofluorescence techniques 

Formaldehyde-fixed preparations were quenched with 100 mM glycine in phosphate buffered 

saline (PBS) for 5 min. Bacteria were stained with DAPI (5 µM in PBS, Molecular Probes). 

F-actin was labelled with Alexa594-phallacidine (1/40, Molecular Probes). The preparations 

were studied with an inverted fluorescence microscope (Axiovert 135, Carl Zeiss) equipped 

with a position servo controller (E-662, Physik Instrumente) for registration of 20 parallel 

focus planes. Distance between planes was 0.3 mm. Pictures were taken with a Spot Pursuit
TM

 

monochrome camera (Diagnostic Instruments). Image stacks were processed using 

Autodeblur
TM

 (Media Cybernetics) deconvolution software. 

 

Accession number 

The coordinates of both structures have been deposited in the RCSB Protein Data Bank (PDB 

codes 2vtg and 2jjz). 
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Figure Legends 
 

Fig. 1. Sequence alignment of human Iba1 [4] and Iba2. Identical residues are shown in black, 

non-identical residues in gray. Assigned secondary structure elements are depicted in green 

for Iba1 and in blue for Iba2. The terminal regions of both proteins are not resolved. The EF-

hand motifs are framed in red; a consensus EF-hand [26] is shown for comparison. The 

residues involved in Ca
2+

 binding are highlighted in orange. 

 

Fig. 2. Cartoon representation of the homodimer in crystal form Iba2t. One subunit of the 

dimer is rendered in gray, the other subunit is shown in blue with a transparent surface. 

Important residues in the dimerization interface are depicted in stick representation with 

oxygen atoms in red and sulfur atoms in yellow. The figures were produced using PyMOL 

[46]. 

 

Fig. 3. Homodimerization of Iba1 and Iba2. The molecular mass of Iba proteins against 

protein concentration was determined by analytical ultracentrifugation in the presence or 

absence of calcium ions. 

 

Fig. 4. F-actin co-sedimentation and crosslinking. (A) Increasing amounts of Iba1 and Iba2 

(0-4 µM) were incubated with 4 µM F-actin in the presence of Ca
2+

 or EGTA. Proteins were 

sedimented by ultracentrifugation and pellets analyzed by SDS-PAGE and Coomassie 

staining. (B) F-actin alone or mixed with Iba1 or Iba2 was subjected to low-speed 

centrifugation (8,000 g). SDS-PAGE of pellets (p) and supernatants (s) shows that F-actin 

sediments readily in the presence of Iba1 and Iba2. 

 

Fig. 5. Fluorescence microscopy of actin crosslinked by Iba1 and Iba2. (A) Actin polymers 

stained with a fluorescent phalloidin analog. (B-C) Actin polymers in presence of Iba1 (B) 

and Iba2 (C). (D-E) For comparison, actin polymers are shown in the presence of the actin 

crosslinking protein neurabin-2 (D) and an actin binding deficient truncation mutant of 

neurabin-2 (E). 

 

Fig. 6. Calcium-binding assay for Iba1 and Iba2. Iba1, Iba2 and calmodulin where dialyzed 

against 100 µM CaCl2 and a trace amount of 
45

CaCl2. Upon dialysis, an increased Ca
2+

 

concentration was found in the calmodulin sample. 
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Fig. 7. Iba proteins colocalize with F-actin in HeLa cells. HeLa cells were transfected with 

YFP-tagged human Iba1 (B) or CFP-tagged Iba2 (E). F-actin was stained using Alexa594-

phallacidine (C, F). Overlay images (A, D) show colocalization of Iba1 and Iba2 with 

subcortical F-actin. Iba2 is recruited to a lesser extent into cellular projections and adhesion 

structures than Iba1.   

 

Fig. 8. Iba2 (A-D) and Iba1 (E-H) are recruited into Shigella entry zones in an invasion assay. 

Iba2 is less concentrated in the cell periphery. HeLa cells, transiently transfected with CFP-

Iba2 (C, L) or YFP-Iba1 (F, K), were infected with Shigella that were visualized as small rods 

by DAPI DNA staining (D, H). F-actin was stained with Alexa594-phallacidine (B,G). 

Overlay images (A, E) show more pronounced staining of membrane ruffle-like protrusions 

with Iba1. Double-transfected and infected cells confirm more pronounced recruitment into 

cellular protrusions of Iba1 (K) compared with Iba2 (L); overlay: I 

 

Fig. 9. Superposition of Iba2 (blue) on (A) Ca
2+

-free h-Iba1 (dark green) [4] and on (B) Ca
2+

-

bound, dimeric m-Iba1 (light green) [4]. The second subunit of the m-Iba1 dimer is depicted 

in gray and calcium ions are shown as orange spheres. The relocation of helix αE, which is 

crucial for dimerization, is indicated by a black arrow. (C) Detailed view of EF-hand 2. The 

residues involved in Ca
2+

 coordination of m-Iba1 are shown in stick representation. 

 

Fig. 10. Conservation of surface residues illustrated on the m-Iba1 dimer [4] depicted in (A) 

cartoon and (B) surface representation (the molecule is rotated by 180° in comparison to Fig. 

9). Considered are Iba1 sequences from 13 species (Homo sapiens, Macata mulatta, Mus 

musculus, Rattus norvegicus, Sus scrofa, Bos taurus, Ornithorhynchus anatinus, Suberites 

domuncula, Haliotis discus hannai, Cyprinus carpio, Fugu rubripes, Pagrus major and 

Epinephelus awoara) and Iba2 sequences from four species (Homo sapiens, Pongo pygmaeus, 

Bos taurus and Mus musculus). Identical residues are colored in dark blue, moderately 

conserved residues in green and non-conserved residues in red. (C) Electrostatic potential on 

the surface of the m-Iba1 dimer. 
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Figure 3 
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Figure 4 
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Figure 7  
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Figure 9 
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