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GTPases of immunity-associated proteins (GIMAPs) are a distinctive
family of GTPases, which control apoptosis in lymphocytes and
play a central role in lymphocyte maturation and lymphocyte-asso-
ciated diseases. To explore their function and mechanism, we
determined crystal structures of a representativemember, GIMAP2,
in different nucleotide-loading and oligomerization states. Nucleo-
tide-free and GDP-bound GIMAP2 were monomeric and revealed
a guanine nucleotide-binding domain of the TRAFAC (translation
factor associated) class with a unique amphipathic helix α7 packing
against switch II. In the absence of α7 and the presence of GTP,
GIMAP2 oligomerized via two distinct interfaces in the crystal.
GTP-induced stabilization of switch I mediates dimerization across
the nucleotide-binding site, which also involves the GIMAP speci-
ficity motif and the nucleotide base. Structural rearrangements in
switch II appear to induce the release of α7 allowing oligomeriza-
tion to proceed via a second interface. The unique architecture of
the linear oligomer was confirmed by mutagenesis. Furthermore,
we showed a function for the GIMAP2 oligomer at the surface
of lipid droplets. Although earlier studies indicated that GIMAPs
are related to the septins, the current structure also revealed a
strikingly similar nucleotide coordination and dimerization mode
as in the dynamin GTPase. Based on this, we reexamined the rela-
tionships of the septin- and dynamin-like GTPases and demon-
strate that these are likely to have emerged from a common
membrane-associated dimerizing ancestor. This ancestral property
appears to be critical for the role of GIMAPs as nucleotide-regu-
lated scaffolds on intracellular membranes.

G protein ∣ protein structure

GTPases of immunity-associated proteins (GIMAPs) belong to
a conserved clade of guanine nucleotide-binding (G) pro-

teins found in various eukaryotes and certain bacteria and viruses
(1, 2). In humans, the seven GIMAP genes are clustered on chro-
mosome 7 and are predominantly expressed in lymphocytes (3).
The encoded proteins have a molecular mass of 33–38 kD and
are comprised of an amino (N-)terminal G domain containing
a GIMAP-specific signature motif, the conserved box, followed
by distinct carboxy-(C-)terminal extensions of 60–130 amino
acids length. The 75-kD GIMAP8 differs in being composed of
three consecutive GIMAP-specific G domains. Human GIMAP1,
GIMAP2, and GIMAP5 have one or two additional hydropho-
bic segments at their C termini predicted to form transmem-
brane (TM) spanning helices. Sequence analysis indicated that
GIMAPs belong to the TRAFAC (translation factor associated)
class of GTPases, which are typified by an antiparallel β-strand at
one end of the sheet (4). The beginning of this strand is associated
with a highly conserved sensor threonine or serine that is in the
heart of the switch I region (Fig. S1). Within the TRAFAC class,
GIMAPs, together with the plant-specific Toc (translocon at the
outer envelope membrane of chloroplasts) proteins, comprise a
distinctive clade, which is closest to the septins. They typically
contain a divergent version of the guanine recognition motif (G4)

at the end of the core strand 5 (4) and an additional helix α6 at
the C terminus of the GTPase domain (Fig. S1). Toc proteins
function as integral components of the chloroplast protein import
machinery (5). Septins in the budding yeast have been shown to
assemble in rings along the bud neck and to function as a scaffold
that organizes the assembly of binding partners. In vertebrates,
septins are involved in cell division, cytoskeletal dynamics, and
secretion (reviewed in ref. 6).

Studies in animals showed a drastic up-regulation of GIMAP
expression during T cell development (7–9) and a function of
GIMAPs in T cell selection processes. GIMAP3, GIMAP4, and
GIMAP5 were shown to interact with members of the Bcl2 family
and regulate apoptosis (8, 10). Several studies have established a
role for GIMAPs in the late stages of lymphocyte development
and in lymphocyte maintenance. A GIMAP5-deficient rat strain
exhibits severe loss of peripheral Tcells (lymphopenia) and devel-
ops spontaneous type I diabetes (11–13). GIMAP5 knockout mice
have a similar phenotype, including lymphopenia, complete loss
of natural killer cells, and death after 15 weeks, presumably due to
liver failure (14). Conditional knockout of GIMAP1 in mouse
lymphoid tissues resulted in an almost complete loss of mature
B and T cells, highlighting the central function of GIMAPs in
regulation of lymphocyte survival also in the B cell lineage (15).
The role of GIMAPs in human diseases is underpinned by the
observation that a single nucleotide polymorphism in GIMAP5
is associated with IA2 autoantibodies in type 1 diabetes (T1D)
patients and systemic lupus erythematosus (16, 17). The expres-
sion of almost the whole GIMAP family is turned down in regu-
latory T cells of patients suffering from T1D (18). Furthermore,
GIMAPs belong to the most down-regulated proteins in anaplas-
tic large cell lymphomas compared to the progenitor Tcells (19).
In contrast, overexpression of GIMAPs was implicated in certain
types of leukemia (20) and lung cancer (21).

To obtain functional and mechanistic insights into the GIMAP
family and understand their role in human disease, we initiated a
biochemical, structural, and cellular analysis for a representative
GIMAP, GIMAP2.

Results
Structure ofMonomeric GIMAP2.A human GIMAP2 construct lack-
ing the two hydrophobic C-terminal segments (GIMAP21–260,
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Fig. 1A) was expressed in bacteria and purified to homogeneity
(22). Using HPLC analysis we found that the purified protein was
partially bound to GTP, which could be removed by an additional
washing step with a magnesium chelator, EDTA (Fig. S2). This
construct was crystallized in the absence of nucleotide, and
the structure determined by a single-anomalous dispersion pro-
tocol using selenomethionine-substituted protein crystals (22)
(Table S1).

The N-terminal 20 residues of GIMAP2 are disordered and
not included in our model. Ser21 is right at beginning of the first
strand of the G domain containing a central β-sheet sandwiched
by two layers of α-helices (Fig. 1 A and B and Fig. S3). Consistent
with previous sequence-based observations (4), a search of the
Protein Data Bank (PDB) database with the GIMAP2 G domain
using the DALIlite program recovers the chloroplast-membrane-
associated Toc GTPases (e.g., PDB ID codes 2je3 and 1h65) as
closest GIMAP relatives, and the structures can be superimposed
with a rmsd of 2.8 Å over 186 aligned Cα positions at a sequence
identity of ∼17–18%. Within the core G domain, GIMAP2 dis-

plays an additional helix α3* between strand 5 and helix α4
(Fig. 1B and Fig. S4A)—the presence of an additional helix in
this region is a feature also encountered in the septins and some
of the dynamin-like GTPases (Fig. S1). Beyond the core G
domain, the GIMAP2 structure shows a distinct C-terminal
extension of two helices α6 and α7 (Fig. 1B). Also the Toc
GTPases, septins, and members of the dynamin-like clade bear
a C-terminal helix comparable to α6 (Fig. S1) (23–25). However,
the GIMAP2 structure is distinguished by the amphipathic helix
α7 that is located on the opposite face of the nucleotide-binding
site. This helix is connected to the G domain by a disordered
linker of 16 residues and directly contacts the switch II region
of the G domain (Fig. 1B). Unlike both the Tocs and septins,
the GIMAP2 structure lacks the characteristic β-hairpin insert
between strand 6 and helix α5 (Figs. S1 and S4A).

To determine binding affinities of GIMAP2 to guanine nucleo-
tides, isothermal titration calorimetry was used. GIMAP2 bound
GTP with an equilibrium dissociation constant (Kd) of 40 nM and
GDP with a Kd of 630 nM (Fig. S5A). However, GTP was not
hydrolyzed, even during long incubations (>24 h) and at high
protein concentration (50 μM) (see Materials and Methods). To
obtain insights into the nucleotide-binding mode, a construct
lacking the disordered N terminus, GIMAP221–260 (Fig. 1A),
was crystallized in the GDP-bound form and the structure solved
by molecular replacement (Table S1). Clear electron density was
visible for the GDP molecule in the nucleotide-binding pocket
(Fig. S5B). The overall structure of GIMAP221–260•GDP is very
similar to the nucleotide-free form, except for significant
structural changes observed in the switch I region (Fig. 1C).
The guanine nucleotide-binding motifs G1–G5 of GIMAP2
show sequence differences compared to the canonical TRAFAC
GTPases, but function in a similar manner in nucleotide binding
(Fig. S4 B and C). Interestingly, the side chain of Asp80 in the G3
motif of GIMAP2 points toward the β-phosphate, whereas a gly-
cine at the equivalent position acts as a sensor for the γ-phos-
phate in most other TRAFAC class GTPases, including the
closely related Tocs and the more distantly related Ras (26). A
glutamine or histidine residue positions the catalytic water mole-
cule in Ras-like small GTPases, EF1/EF-TU, EF2/EF-G, eIF2,
IF2, and SelB (27). However, in GIMAP2 it is replaced by a
hydrophobic residue (Met81), just as in many members of the
Toc, septin, dynamin-like, Era, and Eng GTPases (Fig. S1). Both
GIMAP2 and the Toc GTPase contain a histidine in the second
position of the G4 motif, in place of the usual lysine, which re-
cognizes the guanine via a pi–pi stacking interaction between the
histidine and guanine rings (Fig. 1C). Despite extensive screening
efforts, no crystals were obtained for the described constructs in
the GTP-bound form.

Oligomerization of GIMAP2. The C-terminal helix α7 in the nucleo-
tide-free GIMAP2 structure had higher temperature (B) factors
compared to the core G domain (Fig. S6A) suggesting increased
flexibility in this helix. A construct lacking helix α7 (GIMAP21–234,
Fig. 1A) was crystallized in the GDP- and GTP-bound form, and
the structures were solved by molecular replacement (Table S1).
Clear electron density for the nucleotides was present in both
structures (Fig. S5 C and D) including the γ-phosphate in the
GTP-bound structure, indicating that no GTP hydrolysis had
occurred in the crystals.

GTP-bound GIMAP21–234 oligomerized via two distinct inter-
faces in the crystal (Fig. 2 A–D), with the C-terminal tails of
the monomers pointing pairwise in opposite directions. Only
in the GTP-, but not in the GDP-bound form of GIMAP21–234,
a symmetric interface of 600 Å2 was observed across the guanine
nucleotide-binding site (the G interface, Fig. 2 B and C), which
involves the conserved box, switch I, the specificity motif G4, and
helix α3*. The highly conserved Arg117 from one GIMAP2
monomer forms a hydrogen bond across the G interface to

Fig. 1. The structure of monomeric GIMAP2. (A) Schematic representation
of the domain structure of GIMAP2, with the amino acid positions indicated.
The C-terminal extension is shown in orange and the two hydrophobic seg-
ments (HS1 and HS2) in black. Crystallized constructs are indicated below the
scheme. (B) Cartoon representation of the nucleotide-free structure of
GIMAP21–260. The G domain is shown in green, the two switch regions in blue,
the P loop in red, and the conserved box in cyan. The C-terminal helices α6
and α7 are shown in orange, with the hydrophobic residues indicated as
sticks. The disordered loop connecting helices α6 and α7 is indicated by a
dashed line. (C) Details of GDP binding in the structure of GIMAP221–260•GDP
(shown in gray). Selected residues in the nucleotide-bindingmotifs are shown
as sticks. The magnesium ion is shown as gray sphere. Significant structural
changes compared to the nucleotide-free structure (green) were observed in
switch I.
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Gln114 of the opposing monomer (both from the conserved
box). The exocyclic amino group of the guanine base is directly
involved in dimerization by forming a hydrogen bond to the
highly conserved Asp150 in the G4 loop, directly following the
G4 motif (Fig. 2C and Fig. S3). A strikingly similar interaction
across the nucleotide-binding site has recently been reported
for the dynamin G domain dimer where Asp211 from the G4 loop
interacts in trans in the same fashion with the nucleotide (28).
GTP sensing of the G interface is mediated by switch I. This
region is stabilized by hydrogen bonds of Thr58 and a main chain
contact of Leu57 to the γ-phosphate, which enables Ser54 to
form a hydrogen bond to the main chain oxygen of Tyr118 of
the opposing molecule (Figs. 2B and 3A).

To further study the relevance of the G interface in solution,
the assembly status of GIMAP2 at different protein concentra-
tions was determined by analytical ultracentrifugation (AUC)
in the presence of GDP and GTP. GIMAP21–260 dimerized with
low affinity only in the presence of GTP (Kd ¼ 250 μM) (Fig. 3B).
In contrast, mutations in switch I (S54A) and in the conserved box
(R117D) in the G interface prevented GTP-dependent dimeriza-
tion (Fig. 3B).

A second symmetric, mostly hydrophobic interface of 1100 Å2,
the C interface, was present at the C terminus of both GDP- and
GTP-bound GIMAP21–234 structures (Fig. 2D). Helices α2 of
switch II, α3, and α6 contribute residues to this interface. The
C interface was created by removal of α7, which resulted in stable
dimerization of the GIMAP21–234 construct, as shown by analyti-
cal gel filtration and AUC experiments (Fig. 3C and Fig. S6B).
This construct further oligomerized with low affinity in the pre-
sence of GTP (Fig. S6B). In agreement with the involvement of
helix α6 in the C interface, further shortening of this helix in
the GIMAP21–223 construct resulted again in a monomeric form
(Fig. 3C). Interestingly, stable dimerization after removal of
helix α7 appears to be a general feature of membrane-anchored
GIMAPs, because it was also observed for the corresponding
GIMAP5 constructs (Fig. S6C).

Switch II does not participate in the G interface but is in direct
contact with helix α7 and drastically changes its conformation
upon GTP binding (Fig. 3D). Asp80 in the GDP-bound form
points into the nucleotide-binding pocket, whereas it is expelled
from this position in the GTP-bound form by the negatively
charged γ-phosphate. Consequently, it flips out and interacts with
His87. The resulting rearrangements in switch II induce a repo-
sitioning of Glu89, which prevents salt bridge formation to
Lys240 in helix α7 (Fig. 3D). Our structural analysis therefore

suggests that GTP-induced structural changes in switch II disrupt
contacts between the G domain and helix α7 and weaken the
affinity between these two elements. To exclude that the observed
conformational changes in switch II were induced by removal of
α7, we compared GDP-bound GIMAP21–234 and GDP-bound
GIMAP221–260 and found that they adopt nearly identical confor-
mations (Fig. S6D).

Cellular Localization of GIMAP2. To explore the cellular localization
of GIMAP2, overexpression studies in a Jurkat T cell line were
performed. mCherry-tagged full-length GIMAP2 localized to
large spherical structures with a diameter of approximately 0.8 μm
(Fig. 4A). These structures did not costain with markers of the
endoplasmic reticulum (ER) (ER tracker), mitochondria (Mito-
tracker), lysosomes, or late endosomes (LAMP1). Based on a si-
milar staining pattern recently reported for the mouse interferon-
gamma induced GTPase Igtp in dendritic cells (29), we tested
for costaining with the lipid droplet (LD) marker BODIPY
493/503 and indeed found colocalization with GIMAP2 (Fig. 4 A
and B). The fluorescent GIMAP2 signal was enriched at the
border of LDs (Fig. 4B), suggesting that GIMAP2 resides mainly
at the phospholipidmonolayer surrounding theLDcore of neutral
lipids, which is stained by BODIPY 493∕503. The predicted
C-terminal hydrophobic segments ofGIMAP2were necessary and
sufficient for the reported localization, because deletion of these
segments led to a cytoplasmic staining, and the hydrophobic seg-
ments on their own targeted the mCherry fluorescent protein to
LDs (Fig. 4C andD).We noticed that overexpression ofmCherry-
tagged full-length GIMAP2 in Jurkat cells induced a significant
twofold increase of LD number per cell (average of 33 LDs per
cell, Fig. 4E), compared to nontransfected cells and cells trans-
fectedwithmCherry only (average of 15 or 12LDs per cell, respec-
tively, Fig. 4E). In contrast, overexpressedGIMAP2pointmutants
in the G interface (R117D) or C interface (R224D) still localized
to LDs but did not cause an increase of the LD number (Fig. 4E),
suggesting a function of the GIMAP2 oligomer at the surface
of LDs.

Discussion
Nucleotide-dependent oligomerization at membrane surfaces is a
common theme in many G protein families, e.g., in the dynamins
(30), the immunity-related GTPases (IRGs) (31) and the septin
family (6). Fitting of nonoligomerized G protein components into
low resolution electron microscopy reconstruction of the oligo-
meric assemblies yielded structural models for helical dynamin

Fig. 2. Oligomerization of GIMAP2. (A) Ribbon re-
presentation of the GTP-bound GIMAP21–234 oligo-
mer, with the nucleotides shown as space-filling
models. The crystallographic twofold symmetry axes
within the C (ellipse) and G interface (dotted line)
are indicated. The indicated C-termini point in oppos-
ing directions in a pairwise manner. (B) Detailed view
of the G interface with selected residues shown as
sticks. The crystallographic twofold axis is shown as
an ellipse. (C) GTP coordination in the oligomer.
The exocyclic amino group of the guanine base forms
hydrogen bonds to Glu149 in cis and to Asp150 in
trans across the G interface. The crystallographic two-
fold axis is shown as an ellipse. (D) Detailed view of
the C interface. The crystallographic twofold axis is
shown as an ellipse.
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(32, 33) and bacterial dynamin-like protein oligomers (34). Muta-
genesis-based modeling was employed to deduce the structure of
the ring-like dynamin-related EHD2 oligomer (35). Only in rare
cases, linear oligomers were compatible with crystal formation,
e.g., in the case of the linear septin oligomer (25) or the stalk
of the antiviral MxA GTPase (33).

In the present work, we describe high-resolution structures of
monomeric and oligomerized GIMAP2 constructs that elucidate
the mechanism of nucleotide-mediated oligomerization in the
GIMAP family. GTP-induced stabilization of switch I leads to
low affinity dimerization of GIMAP2 via the G interface. Such
low affinity interaction is typical for proteins that are locally con-
centrated on a membrane surface and thereby restricted in their

mobility (36, 37). Switch II, on the other hand, is not involved
in the G interface, unlike in the corresponding G interfaces of
septin2 (25), Toc34 (23, 24), and dynamin (28) (Fig. S1). Our
structural analysis suggests that switch II of GIMAP2 instead
controls the association of the G domain with helix α7, with
Asp80 acting as γ-phosphate sensor. We suggest that in the pre-
sence of a suitable acceptor substrate such as membrane or an
interaction partner, α7 is released from the G domain in a GTP-
dependent fashion and oligomerization proceeds via the C inter-
face. A similar scenario has been suggested for the charged multi-
vesicular body proteins (CHMPs) involved in multivesicular body
genesis, where an autoinhibitory C-terminal amphipathic helix

Fig. 3. Mechanistic insights into GIMAP oligomerization. (A) Superposition
of GDP-bound GIMAP221–260 (cyan) and GTP-bound GIMAP21–234 (magenta)
shows the rearrangement of switch I upon GTP binding, leading to dimeriza-
tion across the G interface. The movement of switch I is indicated by the black
arrow. Selected residues undergoing major conformational changes are
shown as sticks. (B) Probing the G interface. Sedimentation equilibrium ultra-
centrifugation experiments for GIMAP21–260 in the presence of 100 μM GTP
(▪) and GDP (Δ) and for the GIMAP21–260 mutants R117D (□) and S54A (●) in
the presence of 100 μM GTP were carried out to determine apparent mole-
cular masses at different protein concentrations. A monomer–dimer equili-
brium was fitted to GIMAP21–260 in the presence of GTP, resulting in
Kd ¼ 250� 20 μM. The dashed line indicates the molecular mass of the
GIMAP2 dimer. (C) Analytical gel filtration experiments for GIMAP21–234

(red), GIMAP21–260 (black), and GIMAP21–223 (green) show the involvement
of helix α6 in dimerization across the C interface. Elution volumes of protein
standards are indicated on top of the graph. (D) A superposition of GDP-
bound GIMAP221–260 (cyan) and GTP-bound GIMAP21–234 (magenta) shows
the rearrangements of switch II upon GTP binding. The movement of switch
II is indicated by a black arrow. Selected residues undergoing major confor-
mational changes are shown as sticks.

Fig. 4. Cellular localization of GIMAP2. (A) N-terminally mCherry-tagged
GIMAP2 (red) was overexpressed in Jurkat cells and LDs were stained with
BODIPY 493∕503 (green). Living cells were analyzed by confocal fluorescence
microscopy. All scale bars represent 10 μm. (B) Profile of the fluorescent
signals across a LD (Right) along the indicated line (Left). (C) N-terminally
EGFP-tagged GIMAP21–260 lacking the hydrophobic segments was overex-
pressed in Jurkat cells and analyzed by confocal microscopy. (D) The C-term-
inal hydrophobic segments of GIMAP2 (residues 251–337) were expressed as
N-terminal mCherry fusion in Jurkat cells, costained with BODIPY 493∕503
(green), and analyzed by confocal microscopy. (E) Quantification of LD
number per cell. Jurkat cells were transfected with the indicated GIMAP2
constructs and the number of LDs determined using the BODIPY 493∕503
stain in two independent experiments. n.t.—not transfected (n ¼ 45), vec-
tor—transfected with pmCherry-C (n ¼ 48). GIMAP2—transfected with
pmCherry-C-GIMAP2 (n ¼ 69). R117D—transfected with pmCherry-C-
GIMAP2 R117D (n ¼ 48). R224D—transfected with pmCherry-C-GIMAP2
R224D (n ¼ 49). 251–337—transfected with pmCherry-C-GIMAP2251–337

(n ¼ 17). Only transfected cells were evaluated, as judged by inspection of
the mCherry fluorescence. Red bars indicate the mean number of LDs per
cell. Three asterisks represent P < 0.0001 according toWilcoxon–Mann–Whit-
ney test (47). See also Fig. 2 B and D, where the role of the mutated amino
acid residues R117 and R224 in GIMAP2 oligomerization is indicated.
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prevents oligomerization on the membrane surface (38). Further-
more, Arf and Sar GTPases release an N-terminal helix upon
GTP binding that inserts into the membrane and induces mem-
brane remodeling (39, 40). The amphipathic helix α7 might also
interact with binding partners of GIMAPs, e.g., Bcl2 family mem-
bers, which are known to associate with each other via amphi-
pathic helices that bind into a hydrophobic acceptor groove
(41), and this interaction is strongly promoted in the presence
of membranes (42). The C interface of GIMAPs is unique leading
to a different architecture of the oligomer compared to septins
(25) and dynamin/MxA (33).

GIMAP2 is a lymphocyte-specific LD component. Targeting of
GIMAP2 to LDs is mediated by its two C-terminal hydrophobic
segments. The presence of two such segments distinguishes
GIMAP2 from other human GIMAPs or GIMAP orthologues
in mice and rat. Human GIMAP1 and GIMAP5 contain one
predicted C-terminal transmembrane helix (Fig. S3) and have
been found at different subcellular compartments, e.g., the Golgi
apparatus and lysosomes, respectively (43). On the other hand,
LD targeting of caveolin and other proteins is mediated via long
hydrophobic regions, which might insert as hairpins into the
LD monolayer and which do not share sequence similarity to
the hydrophobic segments of GIMAP2 (44). Furthermore, our
overexpression experiments employing wild-type and mutant
GIMAP2 suggest a role of the GIMAP2 oligomer in LD forma-
tion. It is tempting to speculate that the function of the oligomer
is related to cross-linking of LDs to each other or to their source
membrane. This is supported by the architecture of the GIMAP2
oligomer with its C-terminal tails pointing in opposing directions.

At the same time, the GIMAP2 oligomer might act as a scaffold
to assemble interaction partners on the LD membrane.

The dimerization mode of GIMAP2 via the G interface is
shared with the dynamin, Toc, and septin GTPases, with the asso-
ciating G domains arranged in a similar head-to-head orientation
(Figs. S1 and S7) (45). Corresponding regions of the respective
G domains are used to build up the dimer, which are switch I,
the GIMAP conserved box (equivalent to the “trans stabilizing
loop” in dynamin 1 and the loop encompassing residues 154–163
in mouse septin 2), and the G4 loop, which in GIMAP2 and
dynamin coordinates the nucleotide base in trans in a strikingly
similar fashion. For dynamin and septin G domain dimers, further
elements strengthen theG-interface interaction, namely switch II,
the “dynamin-specific loop” or the septin-/Toc specific β7–β8
insertion. We used the structural information on GIMAP2 to re-
analyze higher-order evolutionary relationships of GTPases and
how versions that operate on the membrane might have emerged
from an ancestral TRAFAC class GTPase involved in translation-
related functions. Previous sequence–structure analysis suggested
that the septins, Tocs, andGIMAPs are further related toGTPases
of the Era family, which bind single-stranded 16S rRNA via their
C-terminal KH domains and mediate the assembly of the 30S
ribosomal subunit (46). Structures of GIMAP2, along with those
of the Tocs, strongly support this relationship despite relatively
low sequence similarity. To systematically assess the higher-order
relationships between these G proteins, we created a relationship
network connecting pairs of G protein structures by edges repre-
senting best hits in DALIlite structure–comparison searches,
profile–profile comparisons, best pairwise alignment of dimers,

Fig. 5. Higher-order relationship analysis of the GIMAP family. (Left) The relationship network constructed based on different lines of evidence. The relative
thickness of the edges between the nodes in the case of the specific sequence and structure features reflects the relative number of such features that are
shared. At the higher level the major groups are boxed for simplicity of illustration, and the edges between them (i.e., those that define the TRAFAC class of
GTPases) are shown. (Right) The inferred higher-order relationships as a cladogram, along with the simplified topologies of representative members of each
clade for which structures are available (see PDB ID codes). For the dynamins a reconstructed structure of the ancestral version is depicted based on the two
derived versions of the clade typified by EHD2 (PDB ID code 2QPT) and IIGP (PDB ID code 1TPZ). Also indicated on the topology are the typical forms of the
different conserved GTPase motifs in a given group. The P loop is colored blue. The strands and helices are numbered in the Era structure, with the additional
helices indicated in the structures in which they occur.
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shared unique structural motifs, and specific conserved residue
patterns (Fig. 5). As a result we were able to identify a distinct
cluster of TRAFACGTPases, which in addition to the above-men-
tioned proteins, also includes the dynamins. Previously, the point
of origin of the dynamin-like proteins was not entirely clear—but
their dimerization mode, the residues interacting with guanine in
the G5 motif (including a characteristic Asn found in several
members of the dynamin-like group) and other distinctive struc-
tural features (see above) suggest that they belong to the same
higher-order clade. Furthermore, this relationship network sug-
gests that Tocs and GIMAPs are the closest sister groups. The
septins and dynamin-like proteins are successive sister groups
to this clade, with all of them in turn being related to Era, to
the exclusion of other TRAFAC class GTPases.

In terms of phyletic patterns, Era is most broadly distributed
and plays an important role in assembly of the translation machin-
ery in bacteria, eukaryotes, and some archaea. However, the
remaining members of the above-mentioned group show a more
sporadic distribution, especially the GIMAPs. Hence, it is concei-
vable that they emerged later from the more widely distributed
regulators of the translation machinery. Further, they are all
unified not only by their dimerization mode, but also by the fact
that they often tend to associate with lipid membranes and per-
form functions related to it. Hence, it is reasonable to infer that
the common ancestor of the GIMAPs, Tocs, and septin-like and

dynamin-like GTPase evolved a distinctive membrane-binding
mode via dimerization. However, each group appears to have
evolved certain distinctive specializations that are reflected in
their structure and sequence. In this regard it is interesting to note
that both septins and Tocs, which are closer to the GIMAPs, share
the unique β-hairpin insert after the G5 motif. This suggests that
the GIMAPs lost this motif, whereas they acquired the α7 helix
that is unique to them. This modification probably was critical
for the emergence of their GTP-dependent interaction with the
membrane or functional partners.

Materials and Methods
Protein expression, purification, and crystallization were carried out as
described before (22). A detailed description of the biochemical experiments,
structure solution, refinement, microscopy, and GTPase higher-order rela-
tionship analysis can be found in SI Text.
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