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ABStrACt
AIR9 is an essential microtubule-associated protein from Arabidopsis. Sequence 

similarity searches indicate homologues of AIR9 in land plants and in excavate protists, 
including trypanosomatid parasites and Trichomonas. The AIR9-like protein from 
Trypanosoma brucei was recently detected in the proteome of the trypanosome flagellum, 
raising the possibility that trypanosomatid AIR9-like proteins also associate with microtu-
bules. Because microtubule functions are essential to the viability of trypanosomatid parasites 
AIR9-like proteins may be exploited as drug targets without homology in humans. We 
further discuss the unexpected phylogeny of AIR9-like proteins from plants and proto-
zoans.

Using a proteomic approach we recently determined that the protein encoded by 
the single-copy AIR9 (Auxin‑Induced in Root Cultures 9) gene from Arabidopsis is a novel 
microtubule-associated protein (MAP). GFP-AIR9 associates with cortical microtubules of 
the plant interphase array and with the preprophase band (PPB). The plant-specific PPB is 
a transient microtubule array that marks the cortical division site and determines the plane of 
cytokinesis. The PPB disassembles at the onset of mitosis but leaves behind an unknown 
mark that during cytokinesis serves to attract the new cross-wall (the out-growing cell 
plate). GFP-AIR9 is not present at the PPB site during mitosis, but returns to this loca-
tion when the cell plate inserts. Forming a torus, GFP-AIR9 then moves inward along 
the new cross-wall. By doing this, microtubule-associated AIR9 transiently behaves like a 
peripheral membrane protein. If cell plates are experimentally induced to insert at ectopic 
positions no AIR9 torus is formed. We conclude that AIR9 is capable of associating with 
a component of the enigmatic PPB memory.1

The 187 kDa Arabidopsis AIR9 protein consists of (seen from N- to C-terminus) a 
serine-rich microtubule-binding domain, a leucine-rich repeat (LRR) domain, a large 
region of eleven repeated A9 domains and a C-terminal region that is conserved among 
plant homologues (Fig. 1A). Our analyses revealed that A9 domains are likely to adopt 
g-immunoglobulin-like (IgG-like) folds. Using BLAST we detected AIR9 homologues 
in various land plants and in the genomes of the three sequenced trypanosomatid para-
sites.2 The trypanosomatid proteins contain the LRR domain and the region of repeated 
A9 domains found in the Arabidopsis prototype and were therefore termed AIR9-like 
proteins. PSI-BLAST searches3 indicate distantly related sequences with A9 domains in 
several prokaryotes (mainly proteobacteria) but these proteins are lacking the LRR domain.

New genomic sequence data revealed the presence of AIR9-like proteins in the human para-
site Trichomonas vaginalis4 (Fig. 1A). We intensified our searches for AIR9-like proteins 
in eukaryotes using EST datasets (http://tbestdb.bcm.umontreal.ca) and genome project 
BLAST servers (http://genome.jgi-psf.org) revealing a curious distribution of AIR9-like 
proteins in the eukaryotic tree of life (Fig. 1B). AIR9-like proteins are present in land 
plants (including the moss Physcomitrella) and in several protists of the excavate class 
(Trypanosomas, Leishmania, Trichomonas, Naegleria, Seculamonas, Reclinomonas). However, 
AIR9 is apparently missing in all other bikont organisms: it is missing in green algae (three 
sequenced genomes), in red algae (two sequenced genomes) and in all Chromalveolata 
sequenced to date (six genomes). As stated earlier,1 AIR9 is missing in all unikont organ-
isms (metazoan, fungi, Amoebozoa) (Fig. 1B). This distribution of AIR9-like proteins is 
curious because land plants cannot be considered to be a sister group of Excavata.5,6 This 
may indicate a lateral gene transfer of AIR9-like genes between both groups. However, a 
different scenario may be based on independent losses of AIR9-like proteins in certain 
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groups, i.e., in green and red algae, and possibly in Chromalveolata. 
It will be important to establish how widespread AIR9-like proteins 
are among organisms of the heterogenous Excavata. Unravelling the 
phylogenetic relationship between the groups Plantae, Chromalveolata 
and Excavata may explain this curious distribution of AIR9-like 
proteins in the tree of life.7-9

AIR9-like proteins are found in several important human parasites. 
Trypanosomatid parasites are the causal agent of African trypanoso-
miasis (sleeping sickness), Chagas disease and leishmaniasis. Other 

trypanosomatid species are pathogens of crops and live 
stock. Vaccines for humans are missing and effective 
drugs without side-effects are needed.2 Proteins restricted 
to plants and protists, as in the case of AIR9, could be 
exploited as drug targets against trypanosomatids - with no 
or little side-effects to humans.10,11 More plant-like traits 
were recently reported for Trypanosoma and Leishmania 
and assumed to stem from lateral gene-transfer events 
with an endosymbiosis-derived plastid organelle.12,13 
It was speculated that trypanosomatid organisms once 
possessed an algal endosymbiont, but that this organ-
elle was lost during evolution12,14 (for a different view, 
however, see Ref. 10). The phylogenetic comparison of 
AIR9-like proteins based on the LRR domain reveals 
two sub-classes of AIR9-like proteins resembling the 
groups land plants and excavate protists, respectively (Fig. 
2A). The AIR9-like protein from the moss Physcomitrella 
patens tightly clusters with the sub-class from land plants. 
This is consistent with the last common ancestor of 
both AIR9 sub-classes being much older than the origin 
of land plants, excluding the possibility of a “very late” 
transfer of an AIR9-like gene between land plants and 
protists. Our findings on the phylogenetic distribution 
of AIR9 do not support nor reject the possibility of a 
green endosymbiont in early trypanosomatid organ-
isms. They do, however, support the idea that new drug 
targets in trypanosomatid parasites could be discovered 
by analyzing drug targets from plants.

Do the AIR9-like proteins from trypanosomatids 
and other excavates function in a similar way to AIR9 
from plants, and are they MAPs? In a remarkable study 
Broadhead et al15 isolated the flagellum from blood-
stream Trypanosoma brucei and identified its proteome by 
HPLC-assisted mass-spectrometry. RNA-interference with 
selected proteins of the flagellar proteome established that 
flagellar motility is essential for viability of the blood-
stream Trypanosoma.15 The flagellum of trypanosomatids 
consists of the 9+2 axoneme and an associated structure, 
the paraflagellar rod. Interestingly, the trypanosomatid 
AIR9-like protein (Tb11.01.8770) is among the 331 
proteins of the flagellum proteome (see supplemental 
data by Broadhead et al Ref. 15). This raises the possi-
bility that the AIR9-like protein from Trypanosoma binds 
microtubules. In Arabidopsis AIR9, the N-terminal basic 
serine-rich extension functions in microtubule binding.1 
The basic residues of this extension may confer binding 
to the acidic surface of tubulins. However, in linear 
alignments the microtubule binding site of Arabidopsis 

AIR9 appears to be only weakly conserved among land plants and no 
similarity to the AIR9-like proteins from protozoans is found (data 
not shown). We therefore scanned AIR9-like proteins from plants, 
trypanosomatid parasites and Trichomonas for serine-rich and basic 
regions. Using a 104 amino-acid window we found that all investi-
gated plant proteins show a serine-rich and basic N-terminal extension. 
The AIR9-like proteins from trypanosomatid parasites do not show 
N-terminal serine-rich regions and the content of basic residues in 
these regions is far less pronounced when compared to the plant 
homologues. Trichomonas encodes at least five AIR9-like proteins, 

Figure 1. Domain structure of Arabidopsis AIR9 and protozoan AIR9-like proteins and 
phylogenetic position of AIR9-like proteins in the tree of life. (A) All AIR9-like proteins con-
tain an LRR domain and a region of repeated A9 domains. Arabidopsis AIR9 additionally 
shows an N-terminal serine-rich basic region that confers microtubule binding (MT) and a 
C-terminal conserved region of unknown function (cc). The multicopy genome of Trichomonas 
harbours several genes potentially coding for AIR9-like proteins (shown in this order: 
gene1 EAY10472, gene2 EAY06037, gene3 EAX99086, gene4 EAY04681, gene5 
EAX86457). (B) Phylogenetic tree showing key eukaryotic taxa. All organisms found to 
encode AIR9-like proteins are highlighted in green. Numbers in parenthesis indicate tested 
genomes devoid of AIR9-like proteins. This phylogenetic tree has been redrawn and is 
based on results published elsewhere.7,16,17
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probably as a result of genome amplification events observed in this 
parasite.4 Interestingly, some of the putative Trichomonas AIR9-like 
proteins contain N-terminal basic regions (Fig. 2B). However, this is not 
mirrored by an elevated serine content. Taken together, these results 
show that all AIR9-like proteins from land plants exhibit N-terminal 

Figure 2. Phylogenetic relationship of AIR9-like proteins 
and amino acid scans of plant and protozoan AIR9-like 
proteins. (A) Phylogenetic comparison based on the LRR 
domain reveals two subclasses of AIR9-like proteins cor-
responding to land plants and protozoans, respectively. 
(B) Amino-acid scans using a 104 amino-acid window. 
Note the serine-rich regions in AIR9 homologues from 
land plants all of which present N-terminal peaks 
above 20 serines in 104 amino acids. otherwise, the 
sequence similarity between these serine-rich regions is 
not statistically significant according to BLAST sequence 
similarity analyses [3]. Arginine plus lysine content in all 
plant homologues peak above 20 in 104 amino acids 
in N-terminal (and C-terminal) regions. The N-terminal 
basic region corresponds to the microtubule-binding 
domain found in Arabidopsis AIR9. N-terminal basic 
serine-rich extensions are not found in the AIR9-like 
proteins from trypanosomatid parasites. Some of the 
predicted AIR9-like proteins from Trichomonas peak with 
basic residues in the N-terminus. Green = plant proteins,  
pink = trypanosomatid proteins, white = Trichomonas 
proteins. Squences were obtained from protein data-
bases, inferred from EST sequences, or derived from 
genomic sequences using homologous proteins as tem-
plate. All sequences are available upon request.
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basic serine-rich extensions and therefore are likely to be MAPs. 
Further research is needed to show whether AIR9-like proteins from 
trypanosomatid parasites, Trichomonas and other protozoans have 
microtubule binding sites.
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