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Summary
Alpha-11 giardin is a member of the multi-gene alpha giardin family in the intestinal protozoan,
Giardia lamblia. This gene family shares an ancestry with the annexin super family, whose common
characteristic is calcium-dependent binding to membranes that contain acidic phospholipids. Several
alpha giardins are highly expressed during parasite-induced diarrhea in humans. Despite being a
member of a large family of proteins, little is known about the function and cellular localization of
alpha-11 giardin, although giardins are often associated with the cytoskeleton. It has been shown that
Giardia exhibits high levels of alpha-11 giardin mRNA transcript throughout its life cycle; however,
constitutive expression of this protein is lethal to the parasite. Determining the three-dimensional
structure of an alpha giardin is essential to identifying functional domains shared in the alpha giardin
family. Here we report the crystal structures of the apo and Ca2+-bound forms of alpha-11 giardin,
the first alpha giardin to be characterized structurally. Crystals of apo and Ca2+-bound alpha-11
giardin diffracted to 1.1 Å and 2.93 Å, respectively. The crystal structure of selenium-substituted
apo alpha-11 giardin reveals a planar array of four tandem repeats of predominantly α-helical
domains, reminiscent of previously determined annexin structures, making this the highest-resolution
structure of an annexin to date. The apo alpha-11 giardin structure also reveals a hydrophobic core
formed between repeats I/IV and II/III, a region typically hydrophilic in other annexins. Surprisingly,
the Ca2+-bound structure contains only a single calcium ion, located in the DE loop of repeat I and
coordinated differently from the two types of calcium sites observed in previous annexin structures.
The apo and Ca2+-bound alpha-11 giardin structures assume overall similar conformations; however,
calcium-bound alpha-11 giardin crystallized in a lower-symmetry spacegroup with four molecules
in the asymmetric unit. Vesicle-binding studies suggest that alpha-11 giardin, unlike most other
annexins, does not bind to vesicles composed of acidic phospholipids in a calcium-dependent manner.
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Introduction
The protozoan parasite Giardia lamblia (syn. G. intestinalis, G. duodenalis) can infect a wide
range of vertebrates including humans, pets and livestock.1 Giardia lamblia has a global
distribution and it is one of the most frequent intestinal parasites in humans, although infection
outcomes vary from asymptomatic to acute or chronic diarrhea (giardiasis).2 About 200 million
people worldwide have symptoms of intestinal Giardia infection and around 500,000 new
cases occur each year.3

Despite rapid progress in understanding the biology of Giardia, few virulence factors have
been identified and the cause of disease is still unknown. However, there is a strong link
between the cytoskeleton and virulence since the disease-causing form of the parasite, the
trophozoite, uses its cytoskeleton to move in the intestine, to divide and to attach to the
epithelium. The cytoskeleton of Giardia is composed of both classical cytoskeleton structures
(microtubules and microfilaments) and Giardia-specific proteins like the alpha-giardins.4 The
alpha-giardins are related to the annexin super family, whose common characteristic is
calcium-dependent phospholipid binding.5 Several annexins have also been shown to bind F-
actin and to link the cytoskeleton to the membrane.6 The microfilament system in Giardia is
highly reduced but the annexin-related alpha-giardin gene family with 21 members is instead
highly expanded.4,7 The alpha-giardins are highly expressed proteins that interact with the
cytoskeleton and different trophozoite membrane structures.7 Many of the alpha-giardins are
also highly immunoreactive during acute human giardiasis.8

The overall three-dimensional structure of the C-terminal core domain of annexins is a curved
disk structure with a convex and a concave face.9 The calcium- and membrane-binding sites
are located on the convex face but additional phospholipid-binding sites have been described
for the N-terminal domain located on the concave face (annexin A1).10,11 The N-terminal
domains of annexins are highly variable and confer specific properties to each particular
annexin. The alpha-giardins have been classified as representatives of a new annexin subfamily
(annexin E family) due to their low but significant sequence identity with annexins from other
organisms, but to date no three dimensional structure has been determined for any alpha-
giardin.12 Determining the three dimensional structure of an alpha-giardin is essential to
identify functional domains that are specific for the alpha-giardin family and this can be
important in the development of drugs that interfere with the cytoskeleton of this intestinal
parasite.

In the present work our goal was to solve the structure of the most highly expressed protein in
the alpha-giardin family, alpha-11 giardin.7 The overall three-dimensional fold of alpha-11
giardin is similar to the general annexin fold, but significant local differences were detected.

Results and Discussion
Structure of alpha-11 giardin

The crystal structure of alpha-11 giardin was solved by multi-wavelength anomalous dispersion
(MAD) phasing using selenomethionine-derivatized protein. The native protein as well as the
selenium-labeled protein crystallized in the orthorhombic spacegroup P212121 with one
monomer in the asymmetric unit. Attempts to solve the structure of alpha-11 giardin using the
structure of the most closely related annexin, annexin A4 (sequence identity 26%, PDB code:
1ANN), were unsuccessful. Native crystals diffracted to 1.1 Å and selenium-substituted
crystals to 1.92 Å. All data collection statistics are shown in Table 1. Three-wavelengths MAD
phasing with the programs SOLVE and RESOLVE produced a 2.5 Å electron density map of
excellent quality (Figure 1). After careful crystallographic refinement and extension of the
resolution to 1.1 Å (Figure 2), the entire amino acid sequence of alpha-11 giardin (306 amino
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acids) was built into electron density maps, with the exception of terminal residues Ser1 and
Lys306, which were not visible in the electron density maps. The final model consists of 304
amino acids (eight with alternate conformations), 620 waters (five with alternate locations)
and two sulfate ions. Alternative conformations of the amino acid side chains were identified
for Glu19, Lys54, Cys71, Asn214, His237, Ser238, Ser282 and Gln285. The final model of
apo alpha-11 giardin exhibits excellent stereochemistry with Rwork and Rfree values of 19.5%
and 22.5%, respectively (Table 2).

The crystal structure of alpha-11 giardin from Giardia lamblia is the first from the alpha giardin
family. The overall structure displays the same topology as the core domains of numerous other
members of the annexin family and thus the alpha-11 giardin structure represents the highest-
resolution annexin structure to date.13 Alpha-11 giardin folds into a predominantly α-helical
curved disk with a concave face and a convex face and short loops connecting the helices
(Figure 3(a) and (b)). The disk is formed by a planar packing of four tandem repeats (I–IV)
with each repeat consisting of five α-helices (A–E) that form a small hydrophobic core. Another
small hydrophobic core located between repeats I/IV and II/III on the concave face is formed
by a cluster of seven aliphatic hydrophobic residues (Leu67, Val79, Val96, Ile99, Ile220,
Val232 and Leu258) and one aromatic hydrophobic residue (Phe259) (Figure 3(c)). There are
significant differences between the residues forming the hydrophobic core in alpha-11 giardin
and homologous residues in other annexin structures.14 In annexins A1, A2, A4, A5, A6 and
A7 this region is generally hydrophilic and only contains three to five hydrophobic residues in
contrast to the eight hydrophobic residues forming the hydrophobic core in alpha-11 giardin
(Figure 4).

Unlike most other annexin structures, alpha-11 giardin lacks an amino-terminal domain on the
concave side of the core domain. The N-terminal domain, which commonly precedes the
annexin core domain and is typically located on the concave side of the disk, is unique for a
given member of the annexin family and can range from as few as twelve residues to as many
as 169 residues.15 In the alpha-11 giardin structure there are only two N-terminal amino acids
preceding the core domain. The absence of an N-terminal domain is not an unusual feature of
the alpha giardin family. Out of the 21 members of the alpha giardin family, only six members
(alpha 7.1, 7.2, 10, 14, 16 and 19 giardins) have N-terminal domains preceding their respective
core domains that range from eleven (alpha 14 giardin) to 93 amino acids (alpha 7.1 and 7.2
giardins). Alpha 7.1, 7.2 and 16 which have long N-terminal domains ranging from 71–93
amino acids share 15.1% sequence identity and 34.5% sequence homology with each other.
Whether the long N-terminal domains of these alpha giardins form repeats in addition to repeats
I–IV in the core domain remains unclear.

A sequence alignment of alpha-11 giardin with ten other alpha giardin members (alpha-1, 2,
5, 6, 7.1, 7.2, 7.3, 8, 9 and 10 giardins) that share approximately 25–29% sequence identity
with alpha-11 giardin reveals several distinct features of alpha-11 giardin (Figure 5). In helix
E of repeat II alpha-11 giardin has two alanine residues (Ala134 and Ala141) instead of the
conserved tryptophan residues present in all the other alpha giardin sequences. And while there
is a conserved lysine present in all other alpha giardin sequences, alpha-11 giardin has a
tryptophan residue (Trp267) in helix C of repeat IV. Furthermore, instead of a conserved
aromatic residue in helix C of repeat II present in the other alpha giardin sequences, alpha-11
has a charged amino acid (Arg105). In addition, alpha-11 giardin has a longer DE loop in repeat
IV in comparison to the length of the DE loops in repeat IV in the other alpha giardins in Figure
5. Whether these differences within the alpha giardin family are functionally and/or structurally
significant is yet undetermined and will only be understood once more structural and
biochemical studies have been performed on other alpha giardins. Despite these key differences
between alpha-11 giardin and the other members of the giardin family, there are several regions
in the amino acid sequence that are homologous. Repeats I, II, III and IV are approximately
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3.0%, 3.8%, 3.9% and 6.5% identical and 20.9%, 17.6%, 18.0% and 10.8% homologous,
respectively, among the alpha giardins aligned in Figure 5. There are a total of thirteen strictly
conserved residues (six located in repeat IV) throughout the amino acid sequence, including a
conserved tryptophan located in helix E of repeat IV (Trp302) and two conserved arginines
(Arg146 and Arg149) located in the connector loop between repeats II and III. Most of the α-
helices located in each of the repeats show homology except for helix A in repeat III.

Although the overall topology and structure of alpha-11 giardin are similar to those of the
previously reported annexin core domains, molecular replacement trials with the closest
homologue with a known structure, annexin A4, as a search model failed. Even when searching
with individual repeats or different combinations of the four repeats of annexin A4, molecular
replacement trials were unsuccessful, despite a sequence identity of 26%. After solving the
structure of alpha-11 giardin using MAD, it became clear why the previous molecular
replacement trials using annexin A4 as the search model had been unfruitful. The r.m.s.d. of
the Cα atoms between alpha-11 giardin and annexin A4 is 1.69 Å, indicating that there are
significant differences between these two structures despite the same overall fold. The largest
differences occur in repeat III where a majority of the Cα atoms change position by more than
3.0 Å (Figure 6). Most of these large changes occur between residues 151–182 in helices A
and B. In addition to the differences in the helical regions of the protein there are significant
conformational differences around the loop regions of alpha-11 giardin. The largest difference
in the position of Cα atoms occurs in the following six loop regions, which deviate more than
3.0 Å: AB loop of repeat I, AB and DE loops of repeat III, the connector loop between repeats
II and III on the concave side of the core domain and the AB and DE loops in repeat IV. A
superposition of the alpha-11 giardin and annexin A4 structures indicates that there is a
difference in the relative orientation of the helices and domains (Figure 7(a) and (b)). The
hydrophobic core located between repeats I/IV and repeats II/III in alpha-11 giardin is more
shielded from the bulk solvent on the concave side of the core domain in comparison to annexin
A4.

Structure of Ca2+ bound alpha-11 giardin
The crystals of apo and Ca2+-bound alpha-11 giardin were grown under two different
conditions and in two different spacegroups with different unit cell parameters, suggesting that
alpha-11 giardin is capable of binding calcium. The X-ray crystal structure of Ca2+-bound
alpha-11 giardin was solved by molecular replacement using apo alpha-11 giardin as the search
model. The possibility that alpha giardins may bind calcium is not a surprising feature since
nearly all members of the annexin family have been shown to bind calcium, and numerous
calcium ions are present in many annexin crystal structures.9,16 Calcium coordination in
annexins can occur at the AB loop (type II binding site) and at the DE loop (type III binding
site). The calcium-binding loops are located on the convex face of the core domain, and calcium
coordination occurs in a pentagonal bipyramidal or octa-coordination sphere. In type II binding
sites, calcium is coordinated by three backbone carbonyls within the (M,L)-X-G-(X)-G
sequence (coordinating residues are highlighted in bold and X is a variable residue), a bidentate
carboxylate ligand from either an aspartic acid or glutamic acid residue (“cap residue”) located
approximately 44 residues downstream in sequence and one to two water molecules. In the
traditional type III binding site, the calcium ion is coordinated by two backbone carbonyl
oxygens, one acidic side chain located approximately eight residues downstream in sequence
and one to three water molecules.17 In contrast to other annexins, in the Ca2+-bound alpha-11
giardin structure, only one calcium ion was found, namely in the DE loop of repeat I in each
of the four independent monomers that comprise the asymmetric unit (for details see section
on calcium coordination below).
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Ca2+-bound alpha-11 giardin crystallized in a spacegroup with four monomers in the
asymmetric unit. The four monomers are arranged such that monomers B and D are situated
side-by-side and monomers A and C are tilted by 180° relative to monomers B and D (not
interacting) and shifted such that the convex portion of the core domains of monomers A and
C are slightly face-to-face with the convex portions of monomers B and D (Figure 8). Even
though Ca2+-bound alpha-11 giardin crystallized with four monomers in the asymmetric unit,
from the observed packing it appears unlikely that alpha-11 giardin forms multimers in
solution. The total buried surface area between monomers A and D is 308 Å2 (two hydrogen
bonds and no salt bridges) and the total buried surface area between monomers B and C is 392
Å2 (no salt bridges or hydrogen bonds). The total buried surface area between monomers A
and B is 152 Å2, while the total buried surface between the other pairs is negligible. There are
thus no significant intermolecular contacts between the monomers in this crystal form to
suggest alpha-11 giardin oligomerization in solution. Interestingly, the only intermolecular
contact between monomers B and C occurs through the coordination of the calcium ion located
in the DE loop of repeat I of monomer C. This calcium ion is coordinated in a hexagonal
geometry by the backbone carbonyls of Lys53 and Ile56, the side chain carbonyl of Asn58,
the unidentate carboxylate of Glu62 from molecule C, one water molecule and the backbone
carbonyl of Asp126 from molecule B (Figure 9(a)). The coordination of a calcium ion by an
amino acid residue in a neighboring molecule in the DE loop of repeat I has been reported
previously in the Ca2+-bound crystal structures of annexin A1 and annexin A2.18,19
Surprisingly, for alpha-11 giardin the coordination of a calcium ion from an adjacent molecule
is only seen for monomer C. The backbone carbonyl oxygen of the equivalent Asp126 residues
in the neighboring molecules are each approximately 7 Å away from the calcium ion located
in the nearby monomers (A, B and D), placing those residues well out of reach for calcium
coordination. The calcium ions in monomers A, B and D are coordinated by the backbone
carbonyls of Lys53 and Ile56, the side chain carbonyl of Asn58, the unidentate carboxylate of
Glu62 and one or two water molecules (Figure 9(b)), in either a hexagonal (monomer D) or
pentagonal coordination (monomers A and B).

Superposition of the individual monomers A, B, C and D of the Ca2+-bound alpha-11 structure
with apo alpha-11 giardin results in r.m.s.d. values of 0.60 Å, 0.61 Å, 0.60 Å and 0.61 Å,
respectively. This indicates that there are no significant overall conformational changes upon
binding of calcium. The largest difference in the positions of Cα atoms occurs in repeat I,
namely between residues 7–16 in helix A and residues 44–55 in helices C and D, which move
by approximately 1–2 Å.

Different coordination of calcium in alpha-11 giardin and in annexins
There is a clear difference when comparing the calcium coordination in the DE loop of repeat
I in alpha-11 giardin with those reported for the traditional type III sites in the DE loops for
various other annexin structures. In the crystal structures of annexins A1, A2, A5 and A6 (PDB
codes: 1MCX,18 1XJL,19 1AVR20 and 1AVC,16 respectively), the calcium is coordinated
(traditional type III binding site) by the backbone carbonyl oxygens of lysine and leucine
residues, the carboxylate of a glutamic acid and one to three waters (Table 3). In alpha-11
giardin the calcium ion is coordinated by the backbone carbonyl oxygens of lysine and
isoleucine residues, the carboxylate of a glutamic acid, one or two waters and the side-chain
carbonyl of an asparagine residue. The presence of the side chain of an asparagine residue in
the calcium coordination sphere is highly unusual and has not been reported for any of the
calcium sites of previously published annexin structures. In addition, the asparagine residue
(Asn58) in alpha-11 giardin appears to be an insertion occurring only in alpha giardins as this
residue is not present in annexins A1, A2, A4, A5, A6 and A7 (Figure 4). We thus propose the
term type IIIb calcium binding site for the arrangement observed in DE loop of repeat I of
alpha-11 giardin.
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Another unusual feature of the Ca2+-bound alpha-11 structure is the absence of a calcium ion
in the AB loop of repeat IV. The type II calcium binding site in the AB loop of repeat IV is
conserved in annexins A1, A2, A4, A5 and A6. The calcium ion present in this loop is
coordinated by the backbone carbonyl oxygens in the following sequence M-X-G-X-G
(coordinating residues are shown in bold and X is a variable residue), a downstream aspartic
or glutamic acid residue (located approximately 44 residues downstream of the methionine)
and one or two water molecules. In the AB loop of repeat IV of alpha-11 giardin, there is a
potential calcium binding site that could be coordinated by the backbone carbonyl oxygens of
Thr242 and Gln243 and the side chain of Asp245; however, the side chain of Arg283 located
in the DE loop obstructs a calcium ion from binding in this area since it forms a salt bridge
with Asp245. In place of a charged, basic arginine residue (Arg283 in alpha-11 giardin),
alpha-1, 2, 5, 6, 7.1, 7.2, 7.3, 8, 9 and 10 giardins have either a hydrophobic aliphatic or a polar
residue (cysteine, alanine, threonine, valine or leucine), while the acidic aspartic residue
(Asp245 in alpha-11 giardin) is absent in all alpha giardin sequences mentioned above,
indicating that a salt bridge is absent at this position and does not obstruct a calcium ion from
binding in the AB loop of repeat IV in the other alpha giardins aligned in Figure 5. Annexins
A1, A2, A4, A5, A6 and A7 either have an aspartic acid or arginine homologue (Asp245 in
alpha-11 giardin) and either an aspartic acid, glutamine, asparagine or glycine homologue
(Arg283 in alpha-11 giardin) (Figure 4). The only possible salt bridge that could form in the
annexin structures at the alpha-11 homologous residues in the AB loop of repeat IV is in
annexin A1 between an arginine residue (Asp245 in alpha-11 giardin) and an aspartic acid
residue (Arg283 in alpha-11 giardin). However, in the crystal structure of Ca2+-bound annexin
A1, the side chains of the arginine (Arg292 in annexin A1) and aspartic acid (Asp329 in annexin
A1) residues are over 15.0 Å apart and can not form a salt bridge. Thus it appears that the AB
loop in repeat IV is devoid of a calcium ion due to a salt bridge that is only present in alpha-11
giardin. It remains to be seen if the other Ca2+-bound alpha giardin structures have a bound
calcium ion in the AB loop of repeat IV and in what type of calcium coordination.

The absence of type II calcium coordination sites in alpha giardins may be a common feature.
According to Morgan and coworkers, a hidden Markov model (HMM) profile of the Giardia
family revealed a general absence of type II calcium coordination sites.21 The alpha-11 giardin
and annexin alignment in Figure 4 suggests the absence of type II coordinating residues in the
AB loop of repeat I. In particular the glycine residues in the type II calcium coordination
sequence conserved in annexins (M-X-G-X-G -- coordinating residues are shown in bold and
X is a variable residue) are absent in the alpha-11 giardin sequence. It has been shown that
alpha-1 giardin associates with multilamellar phosphatidylserine-containing vesicles in a
calcium-dependent manner; however, molecular modeling of the amino acid sequence of
alpha-1 giardin based on the X-ray structure of annexin A5 suggested that the calcium
coordination sites in alpha-1 giardin are low affinity type III, in contrast to the type II calcium
coordination sites that are thought to be primarily responsible for membrane binding.22 Four
potential type III calcium-binding sites on the convex face of alpha-1 giardin were predicted
at residues Glu20 and Glu63 (repeat I), Glu134 (repeat II) and Glu245 (repeat IV). The
homologues of these alpha-1 giardin glutamic acid residues in alpha-11 giardin are Glu18 and
Tyr61 (repeat I), Ser132 (repeat II) and Tyr249 (repeat IV). This suggests only one potential
type III calcium coordination site in repeat I of alpha-11 giardin which would be involving
residue Glu18; however, our crystal structure in the presence of calcium reveals that this site
is not occupied by an ordered calcium ion. It is unclear why this potential type III calcium
coordination site is not occupied in the alpha-11 giardin structure.

Calcium-dependent phospholipid binding
To test whether alpha-11 giardin exhibits the calcium-dependent binding to acidic
phospholipids, generally regarded as a property of the annexins, we tested its calcium-
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dependent binding to small unilamellar phosphatidylserine (PS)- and phosphatidylcholine
(PC)-containing vesicles (see materials and methods section).23,24 To our surprise, alpha-11
giardin did not bind to the POPS/POPC [1-palmitoyl-2-pleoyl-sn-glycero-3-[phospho-L-
serine] (POPS) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)] containing
vesicles regardless of the calcium concentration (0.05–10 mM) used in each set-up (results not
shown). Even though our phospholipid binding studies demonstrate that alpha-11 giardin does
not bind to 20% PS/80% PC-containing vesicles in a calcium-dependent manner, this result
does not completely rule out the possibility that alpha-11 giardin binds to membranes under
other circumstances. In order to test whether alpha-11 giardin exhibits some of the calcium-
dependent phospholipid binding features observed for most annexins, additional phospholipid
binding studies will need to be performed with different lipids such as cardiolipin, cholesterol,
phosphoinositides and/or higher percentages of PS. One reason why alpha-11 giardin did not
associate with acidic phospholipid vesicles in our assay may be due to the fact that alpha-11
giardin binds only one calcium ion, in a type IIIb site with presumably weak calcium affinity.
Even though the crystal structure of alpha-11 giardin reported herein is overall similar to that
of other annexins, it is still unclear what the exact role of alpha-11 giardin is in the intestinal
protozoan parasite, Giardia lamblia. One possibility is that alpha-11 giardin may have
extracellular localization where it could interact with glycosaminoglycans (GAGs) on the
epithelial cell lining, initiating the first contact with the microvilli in the small intestine.25
Several in vitro and crystallographic studies have shown that some annexins can bind to heparin
in a calcium-dependent and independent manner.26–30 Crystallographic and kinetic studies
performed on rat annexin A5 revealed the presence of two heparin-derived tetrasaccharides
(HTS) binding sites, one that is calcium dependent and located on the convex face (HTS1 near
Arg207 and Lys208) and the other that is calcium independent and located on the concave face
(HTS2 near Arg285-Lys286-X-X-Arg289-Lys290, where X is a variable residue).31 The
amino acid sequence alignment of alpha-11 and annexin A5 reveals that neither HTS binding
site in annexin A5 is conserved in alpha-11 giardin. However, a closer look at the alpha-11
giardin amino acid sequence reveals that there may be two heparin binding sites located in
repeat I, one that is calcium independent (concave face) and the other that is calcium-dependent
(convex face). The calcium-independent heparin binding site would be located on the concave
face off alpha-11 giardin and formed by residues Arg33-Lys34-X-X-Arg37, which is very
similar to the R-K-X-X-R-K motif of HTS1 in annexin A5. The other possible heparin binding
site could be calcium-dependent and formed by residues Lys53 and Lys54 located in the
calcium binding site in the DE loop of repeat I, which may be the reason why alpha-11 giardin
binds calcium. Further biochemical experiments will have to be carried out to determine if
alpha-11 giardin functions like lectins and where it localizes in the parasite.

Conclusions
We have solved the first three-dimensional structure of a member of the alpha giardin family
in the apo and Ca2+-bound forms. The crystal structure of alpha-11 giardin reveals a highly
α-helical, tightly packed core domain similar to the conserved annexin core domain.13 The
apo structure of alpha-11 giardin was solved to a resolution of 1.1 Å, making this the highest
resolution for an annexin structure to date. The overall fold consists of four repeats
(approximately 70 amino acids each), with each repeat comprised of five α-helices. In contrast
to nearly all published annexin structures, the structure of alpha-11 giardin lacks an amino
terminal domain on the concave side of the protein.15 Despite having the same overall fold,
the alpha-11 giardin structure reveals different orientations of the helices within each repeat
and conformational differences in the loop regions in comparison to the annexin closest in
primary sequence, annexin A4. The structure of the Ca2+-bound form of alpha-11 giardin
reveals only one calcium ion bound in a newly described calcium binding site in the DE loop
of repeat I. In comparison to previously determined Ca2+-bound annexin structures, the
alpha-11 giardin structure shows significant differences in the coordination of the calcium ion
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in the DE loop of repeat I, and we thus propose the term type IIIb binding site, in contrast to
the traditional type III binding site in previous annexin structures.16,18–20 In addition to the
conserved amino acids coordinating the calcium ion in type III sites, the side chain of an
asparagine residue was found in the coordination sphere. Another unusual feature of alpha-11
giardin was revealed in the vesicle pull-down assay, which showed that alpha-11 giardin does
not associate with 20% PS/80% PC-containing vesicles under a wide range of calcium
concentrations. Even though our results suggest that alpha-11 giardin does not bind to vesicles
in a calcium-dependent manner, further phospholipid-binding studies will be performed to
determine if alpha-11 giardin does indeed lack the landmark feature exhibited by most
annexins. Although alpha-11 giardin is one of only two members of the alpha giardin family
that show high levels of mRNA transcription (alpha-1 giardin being the other one) and
presumably corresponding protein expression, it has yet to be revealed what the exact function
of alpha-11 giardin is in Giardia lamblia and whether this member of the alpha giardin family
associates with the cytoskeleton. The crystal structures of apo and Ca2+-bound alpha-11 giardin
reported herein are an important step in deciphering the role and function of alpha-11 giardin.

Materials and Methods
Protein expression and purification

Expression and purification of recombinant native alpha-11 giardin and Ca2+-bound alpha-11
giardin was described previously.32 The recombinant plasmid pGEX-6P3-alpha-11 was
transformed into BL21-CodonPlus(DE3)-RIL-X (Stratagene) methionine auxotrophic
Escherichia coli strain to express selenomethionine-substituted alpha-11 giardin. 20 ml of cells
grown from an overnight pre-culture incubated at 37 °C were inoculated in 2 l of M9 minimal
media [100 ml/l of 10x M9 salts (68 g/l Na2HPO4, 30 g/l KH2PO4, 5 g/l NaCl), 1 ml/l 1M
MgSO4, 1 g/l NH4Cl, 1 ml/l 100 mM CaCl2, 15 ml/l, 20% (v/v) glucose, 10 ml GIBCO MEM
Vitamin Solution (Fisher Scientific)] supplemented with 50 μg/ml of ampicillin and 50 μg/ml
of L-methionine. The culture was grown to an A600 of 0.8 at 37 °C and then harvested by
centrifugation, washed twice in M9 minimal media and finally resuspended in M9 minimal
media supplemented with 50 μg/ml of ampicillin. Cells were grown at 37 °C for 1 h to exhaust
any remaining L-methionine in the media. After 1 h 100 mg/l of L-selenomethionine was added
and incubated for 30 min before the culture was induced with 1 mM isopropyl β-D-
thiogalactopyranoside (IPTG) and incubated overnight at 37 °C. Cells were harvested by
centrifugation at 6000g for 15 min and suspended in 50 mM Tris-HCl pH 7.4, 1 mM EDTA,
100 mM NaCl, 1% (v/v) Nonidet P40 (NP40), 10% (v/v) glycerol, 1 mM dithiothreitol (DTT)
and 1 mM phenylmethylsulfonyl fluoride (PMSF) containing a protease inhibitor cocktail (20
μg/ml aprotinin, 2 μg/ml leupeptin, 2 μg/ml pepstatin, 0.5 mM benzamidine and 10 μM
trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane (E-64)) and 0.5 mg/ml lysozyme.
After the cells were lysed in a French Press, the lysate was centrifuged at 40,000g for 1 h and
filtered through a 0.45 μm filter to remove any cell debris.

N-terminal glutathione-S-transferase (GST) tagged alpha-11 giardin was purified on a pre-
equilibrated (50 mM Tris-HCl pH 7.4, 1 mM EDTA, 100 mM NaCl, 1% (v/v) NP40, 10% (v/
v) glycerol) 20 ml bed volume GSTrap Fast Flow column (Amersham). The cell lysate was
incubated on the GST column for 1 ½ h, washed with ten column volumes of 1 M NaCl and
ten column volumes of 50 mM Tris-HCl pH 8.0 and 150 mM NaCl to remove any unbound
protein and impurities. The GST moiety was cleaved on the column in protease cleavage buffer
(50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA and 1 mM DTT) with 10 units of
PreScission Protease (Amersham) per mg of GST fusion protein overnight at 4 °C. Alpha-11
giardin was eluted in protease cleavage buffer and fractions were collected. In the final
purification step, the PreScission Protease (GST tag) was separated from the alpha-11 giardin
by applying fractions onto a GSTrap Fast Flow column equilibrated with protease cleavage
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buffer. During this purification step, the PreScission Protease remained bound to the GSTrap
Fast Flow column while the alpha-11 giardin eluted in the flow-through in protease cleavage
buffer. Fractions containing alpha-11 giardin were collected and the purity was verified by
SDS-PAGE before the protein was concentrated in a Centricon 10 kDa cutoff concentrator
(Millipore) to 11 mg/ml for crystallization.

Crystallization and data collection
Apo, Ca2+-bound and selenomethionyl-derivatized alpha-11 giardin crystals were obtained at
4 °C using the sitting-drop vapor-diffusion method in the JCSG suite from Nextal
Biotechnologies (native and selenomethionine derivatized crystals) and the Index Screen from
Hampton Research (Ca2+-bound crystals). 2 μl of protein solution were mixed with 2 μl of
reservoir solution over wells containing 200 μl of reservoir solution. Native and
selenomethionyl derivatized alpha-11 giardin crystals were obtained in 200 mM lithium
sulfate, 100 mM MES pH 6.0, and 25% (w/v) PEG 3350 and grew in about one week. Ca2+-
bound alpha-11 giardin crystals were obtained in 50 mM calcium chloride, 100 mM Bis-Tris
pH 6.5, 24% (w/v) PEG 550 MME and appeared after two weeks. Crystals were transferred to
a solution containing the reservoir solution and 30% (v/v) glycerol as a cryo-protectant before
being flashed-cooled in liquid nitrogen for data collection.

Diffraction data on apo, Ca2+-bound and selenomethionyl-derivatized alpha-11 giardin were
collected at beamline 9-1 at the Stanford Synchrotron Radiation Laboratory (SSRL), CA,
U.S.A. using remote robotic data collection. The Q315 CCD area detector from Area Detector
Systems Corporation (ADSC) was used for data collection. 180 frames were collected with an
oscillation angle of 1° for native and Ca2+-bound alpha-11 giardin crystals. Two data sets from
a single native alpha-11 giardin crystal were collected to 1.1 Å and 1.4 Å resolution (5 and 30
seconds exposure time, respectively) and one data set was collected on a Ca2+-bound alpha-11
giardin crystal to 2.93 Å (30 seconds exposure time). An X-ray absorption scan of a
selenomethionyl derivatized crystal was collected near the Se K absorption edge to select the
appropriate wavelengths for multi-wavelength anomalous dispersion (MAD) experiments.
MAD diffraction data were collected on a single crystal at three wavelengths corresponding
to the inflection point, peak and high energy remote wavelengths with a crystal-to-image plate
distance of 280 mm, an oscillation angle of 1° and 8 seconds exposure time. For each
wavelength, 360° of data were collected in 30° wedges to 1.92 Å. The two data sets collected
on the native alpha-11 giardin crystal were indexed and integrated separately and later merged
and scaled together with the program d*TREK33 in the primitive orthorhombic spacegroup
P222. The data sets collected on the Ca2+ bound alpha-11 giardin crystal and the
selenomethionyl derivatized crystal were processed with HKL200034 in the primitive
monoclinic spacegroup P2 and primitive orthorhombic spacegroup P222, respectively.

Structure determination by MAD phasing and refinement
Initially, molecular replacement trials were carried out to solve the structure of alpha-11 giardin
with the program PHASER35 using bovine annexin A4 (PDB code: 1ANN) either in its entirety
or broken up into separate repeats as the search model. Since all attempts to solve the structure
of alpha-11 giardin via molecular replacement failed, MAD phasing was the next approach.
Crystals of selenomethionine-labeled alpha-11 giardin were isomorphous to native crystals
allowing the determination of initial experimental phases. The structure of apo alpha-11 giardin
was solved in the spacegroup P212121 using the data sets collected at the inflection point, peak
and high energy remote wavelengths. All five selenium sites were located with the program
SOLVE14 using data to a maximum resolution of 2.5 Å. The peak heights for all selenium
sites in the SOLVE map were greater than 20σ and the overall Z score after running SOLVE
was 51.8. The initial electron density map from SOLVE was improved using the density
modification program RESOLVE36 which increased the figure of merit (FOM) from 0.71 to
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0.86 at 2.5 Å. Phases were extended to 1.1 Å using the high-resolution native data set and the
automated protein model building program ARP/wARP.37 After ten cycles of auto-building
and 10 cycles of REFMAC38 refinement between each auto-building cycle, the final model
contained seven peptide chains with a connectivity index of 0.95. ARP/wARP built 281 amino
acid residues out of 306 amino acid residues and 79 water molecules with a crystallographic
R-factor of 26.1 % and an Rfree of 33.7%. Manual model building was performed with the
modeling program Coot39 and anisotropic B-factor refinement was carried out in
REFMAC5.40

For the Ca2+-bound form of alpha-11 giardin the Matthew’s coefficient was calculated to be
2.47 Å3 Da−1 (corresponding to a solvent content of 50.2%) when assuming four molecules
in the asymmetric unit.41 A self-rotation function plot showed the presence of two non-
crystallographic 2-fold peaks in addition to the crystallographic 2-fold peak, confirming the
presence of non-crystallographic symmetry.42 All four chains of Ca2+-bound alpha-11 giardin
were located using the molecular replacement program PHASER and apo alpha-11 giardin as
the search model. Manual model building was performed with the program Coot after three
rounds of rigid body refinement to a maximum resolution of 3.0 Å in CNS.43 Preliminary
rounds of refinement were carried out to a maximum resolution of 3.0 Å with cycles of energy
minimization, torsion-angle simulated annealing and temperature-factor optimization using
the maximum-likelihood target function while keeping the atomic coordinates restrained by
non-crystallographic symmetry (NCS) in CNS. Four calcium ions and ordered solvent water
molecules were added using water pick in CNS and by visual inspection. Several rounds of re-
building were continued based on 3Fo-2Fc, 2Fo-Fc, Fo-Fc, NCS-averaged and 2Fo-Fc simulated
annealing omit maps, and subsequent rounds of refinement were carried out with the program
CNS using data to the maximum resolution of 2.93 Å.

The final model of apo alpha-11 giardin includes one monomer per asymmetric unit (residues
2–305), 620 water molecules and two sulfate ions. The final model of Ca2+-bound alpha-11
giardin includes four monomers, 111 water molecules and four calcium ions. Good
stereochemistry for the apo alpha-11 giardin and Ca2+-bound alpha-11 giardin models was
confirmed using the program PROCHECK.44 Final refinement statistics for apo alpha-11
giardin and Ca2+ bound alpha-11 giardin are listed in Table 2.

Vesicle pull-down assay
Phospholipid vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine]
(POPS) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were prepared in a
1:4 molar ratio.24 25 mg of POPS and 97.1 mg of POPC (Avanti Polar Lipids) were dissolved
in 4 ml of chloroform and 2 ml of methanol. The organic solvents were evaporated under a
stream of nitrogen and dried overnight. The lipids were dissolved in phospholipid buffer (50
mM imidazole-HCl pH 7.4 and 100 mM NaCl) and then subjected to four freeze-thaw cycles.
Small unilamellar vesicles 0.2 μm in size were prepared by filtering through an extruder (15
times) at 37 °C. The association of alpha-11 giardin with the vesicles was assessed with a co-
pelleting assay using annexin A2 as a positive control and ovalbumin as a negative control.
19 For each reaction (200 μl), a total of 20 nmoles of vesicles were incubated with 0.2 nmoles
of protein in phospholipid buffer with varying amounts of calcium chloride (0.05 mM–10mM).
All samples were incubated for 1 h at room temperature and then centrifuged for 10 min at
14,000g to separate vesicles with protein bound (pellet) from soluble protein (supernatant).
Pellet and supernatant samples were analyzed on an SDS-PAGE gel and subsequently stained
with Coomassie Brilliant Blue (results not shown).
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Protein Data Bank accession codes
The atomic coordinates and structure factors for apo and Ca2+ bound alpha-11 giardin have
been deposited in the RCSB Protein Data Bank under the accession codes 2II2 and 2IIC,
respectively.
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Figure 1.
Experimental electron density map at 2.5 Å and contoured at 1.0 σ obtained from
selenomethionine MAD phasing using the program RESOLVE36 is shown with the final model
of alpha-11 giardin. The figure was prepared using the program Coot.39
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Figure 2.
Stereo image of the 2Fo-Fc electron density contoured at 1.0σ after phase extension and
refinement to 1.1 Å. Amino acids Phe24 (top left), Trp69 (top right) and Trp28 (bottom left)
are shown in gold. The stereo image was created with the molecular graphics program Pymol
[http://pymol.sourceforge.net/].

Pathuri et al. Page 15

J Mol Biol. Author manuscript; available in PMC 2008 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Pathuri et al. Page 16

J Mol Biol. Author manuscript; available in PMC 2008 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Ribbon diagram of alpha-11 giardin. (a) Side view of the structure with the concave face located
at the bottom and the convex face at the top and (b) top view from the convex side. Repeat I
is shown in pink, repeat II in gold, repeat III in blue and repeat IV in red. (c) bottom view from
the concave side showing the hydrophobic core formed by residues Leu67, Val79, Val96, Ile99,
Ile220, Val232, Leu258 and Phe259 (side chains shown in light green). The N-terminus and
C-terminus are labeled as Nt and Ct, respectively. The figure was prepared in the molecular
graphics program Pymol [http://pymol.sourceforge.net/].
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Figure 4.
Sequence alignment of alpha-11 giardin and annexins A1, A2, A4, A5, A6 and A7. Note that
the first amino acid is a serine residue in the alpha-11 giardin sequence since the first methionine
is absent due to the presence of an N-terminal glutathione-S-transferase (GST) tag that was
introduced during cloning. Residues denoted as white letters on red background are strictly
conserved. Residues boxed in blue and denoted in red are homologous, while residues denoted
in black are non-homologous in this group. Highlighted in green and indicated below with a
blue star are the residues that line the hydrophobic core located between repeats I/IV and II/
III. Highlighted in orange and indicated below with a pink star are residues Asp245 and Arg283
(alpha-11) that form a salt bridge in the AB loop of repeat IV preventing a calcium ion from
binding and homologues of these alpha-11 residues in the annexin sequences are highlighted
in orange. Highlighted in yellow is Asn58 of alpha-11 giardin which is involved in the type
IIIb calcium coordinating site in the DE loop of repeat I. The sequence alignment was
performed using CLUSTALW45,46 and the figure was prepared with the program
ESPript47.

Pathuri et al. Page 18

J Mol Biol. Author manuscript; available in PMC 2008 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Sequence alignment of alpha-11 giardin and ten other members of the alpha giardin family,
which possess 25–29% sequence identity. The secondary structural elements for alpha-11
giardin are indicated above the sequence alignment and colored according to repeats I–IV.
Note that the first amino acid is a serine residue in the alpha-11 giardin sequence since the first
methionine is absent due to the presence of an N-terminal GST tag that was introduced during
cloning. Residues denoted as white letters on red background are strictly conserved. Residues
denoted in red on a cyan background are homologous while residues denoted in black on a
cyan background are non-homologous in this group. Ala134, Ala141 and Trp267 in the
alpha-11 giardin sequence are highlighted in yellow background to stress location in the
alpha-11 giardin sequence where it differs from all other alpha giardins. The sequence
alignment was performed using CLUSTALW45,46 and the figure was prepared with the
program ESPript47.
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Figure 6.
Alpha-11 giardin colored according to its r.m.s.d. from annexin A4, the non-giardin annexin
with the highest homology. Regions colored in blue deviate < 1.0 Å, in green 1.0–2.0 Å, in
yellow 2.0–3.0 Å and in red are residues that could not be aligned or deviate > 3.0 Å. Repeats
and helices are labeled for clarification. The r.m.s.d. was calculated using RMSDcalc [http://
www.igs.cnrs-mrs.fr/Caspr2/RMSDcalc.cgi]. The figure was prepared with the molecular
graphics program Pymol [http://pymol.sourceforge.net/].
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Figure 7.
Overlay of alpha-11 giardin (blue) and annexin A4 (orange) crystal structures. (a) Side view
of the structure and (b) top view from the convex side. The N-termini (Nt) of alpha-11 giardin
and annexin A4 are labeled in their respective colors. Superposition of the alpha-11 giardin
and annexin A4 structures was performed in Coot39 and the figures were produced with the
molecular graphics program Pymol [http://pymol.sourceforge.net/].
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Figure 8.
Arrangement of the four monomers in the asymmetric unit of Ca2+-bound alpha-11 giardin.
Monomer A is shown in yellow, monomer B in purple, monomer C in green and monomer D
in teal. Calcium ions bound to the DE loop of repeat I in each of the four monomers are
illustrated as red spheres. The figure was prepared with the molecular graphics program Pymol
[http://pymol.sourceforge.net/].
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Figure 9.
Coordination of the calcium ion in the DE loop of repeat in Ca2+-bound alpha-11 giardin.
Calcium ions are represented as red spheres and water molecules as yellow spheres and the
coordination between the calcium ion and oxygen atoms is shown as cyan dotted lines. (a) On
the left hand side are the two helices (D and E) from monomer C and on the right hand side is
helix E from monomer B (in purple). The coordination distances between the calcium ion in
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monomer C and the coordinating oxygen atoms (Ca-O) are as follows: Ca-O Lys53 2.83 Å,
Ca-O Ile56 2.52 Å, Ca-OD1 Asn58 2.84 Å, Ca-OE1 Glu62 2.71 Å, Ca-O HOH3 2.63 Å and
Ca-O Asp126 (monomer B) 2.98 Å. (b) Helices and loops from monomer D are shown in pink.
The bond distances between the calcium ion in monomer D and the coordinating oxygen atoms
(Ca-O) are as follows: Ca-O Lys53 2.76 Å, Ca-O Ile56 2.75 Å, Ca-OD1 Asn58 2.73 Å, Ca-
OE1 Glu62 2.56 Å, Ca-O HOH5 2.89 Å and Ca-O HOH96 2.78 Å. Figures were produced
with the programs Pymol [http://pymol.sourceforge.net/] and POVRAY [http://
www.povray.org/].
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Table 2
Refinement statistics.

Alpha-11 giardin (Apo) Ca2+-bound Alpha-11
giardin

Refinement
 Resolution range (Å) 42.72–1.10 40.00–2.93
 Number of reflections (working set/test set) 126,647/6,722 27,068/3,012
 Rwork/Rfree

a,b (%) 19.5/22.5 26.3/30.7
 Average B factor (Å2) 13.8 49.6
Ramachandran plotc
 Most favorable regions (%) 94.7 86.5
 Additionally allowed regions (%) 5.3 12.3
 Generously allowed regions (%) 0.0 1.1
 Disallowed regions (%) 0.0 0.0
R.m.s. deviations from ideality
 Bond lengths (Å) 0.010 0.010
 Bond angles (º) 1.256 1.426
Model details
 Protein residues/waters 304/620 1,208/111
 No. of protein atoms 3,150 9,819
 No. of calcium ions 0 4
 No. of sulfate ions 2 0

a
Rwork= Σ|Fobs−Fcalc|/(Σ|Fobs|).

b
The Rfree is the R-factor based on 5%–10% of the data excluded from refinement.

c
Determined by PROCHECK39
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Table 3
A comparison of the residues involved in calcium coordination in the DE loops of repeat I in alpha-11 giardin
and other annexin structures.

Structure Residues Amino Acid Sequence

Alpha-11 giardin 53–62,
126

(monomer
B)†

K K C I K N G P Y E,* D*‡

Annexin A1 97–106,
196

(monomer
B)

K K A L T G H L E* E, D*‡

Annexin A2 88–97, 36
(monomer

B)

K S A L S G H L E* T, E*‡

Annexin A5 75–84 K S E L T G K F E** K
Annexin A6 70–79 K Y E L T G K F E R

Residues involved in calcium coordination in the DE loop of repeat I are high-lighted in bold and colored red (backbone carbonyl oxygens), orange (polar

side chain) and blue (acidic side chain: unidentate (*) and bidentate carboxylate (**)). Annexin PDB codes: A1 - 1MCX,18 A2 - 1XJL,19 A5 -

1AVR20 and A6 - 1AVC.16

†
Calcium coordination from a neighboring molecule is only seen for monomer C.

‡
Residues from a neighboring molecule.
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