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The 

 

titan

 

 (

 

ttn

 

) mutants of Arabidopsis exhibit dramatic alterations in mitosis and cell cycle control during seed develop-
ment. Endosperm development in these mutants is characterized by the formation of giant polyploid nuclei with en-
larged nucleoli. Embryo development is accompanied by significant cell enlargement in some mutants (

 

ttn1

 

 and 

 

ttn5

 

)
but not others (

 

ttn2 

 

and

 

 ttn3). 

 

We describe here the molecular cloning of 

 

TTN5

 

 using a T-DNA–tagged allele. A second
allele with a similar phenotype contains a nonsense mutation in the same coding region. The predicted protein is re-
lated to ADP ribosylation factors (ARFs), members of the RAS family of small GTP binding proteins that regulate various
cellular functions in eukaryotes. TTN5 is most closely related in sequence to the ARL2 class of ARF-like proteins isolated
from humans, rats, and mice. Although the cellular functions of ARL proteins remain unclear, the 

 

ttn5

 

 phenotype is
consistent with the known roles of ARFs in the regulation of intracellular vesicle transport.

INTRODUCTION

 

Embryo-defective mutants of Arabidopsis have been used
for many years to identify genes with essential functions
during plant embryogenesis (Goldberg et al., 1994; Jurgens
et al., 1994; Meinke, 1995). Recent advances in gene isola-
tion have made it possible to recover increasing numbers of
these genes and study their role in plant growth and devel-
opment (Li and Thomas, 1998; Lotan et al., 1998; Patton et
al., 1998; Uwer et al., 1998; Albert et al., 1999). Develop-
ment of the female gametophyte and early endosperm in Ar-
abidopsis has also been subjected to extensive genetic
analysis (Drews et al., 1998; Berger, 1999). Particular atten-
tion has been given to mutants with defects in gene imprint-
ing and mutants in which endosperm development begins in
the absence of fertilization (reviewed in Preuss, 1999). Mo-
lecular cloning of the 

 

medea

 

 (

 

med

 

) and 

 

fertilization-indepen-
dent endosperm

 

 and 

 

seed

 

 (

 

fie

 

 and 

 

fis

 

, respectively) genes
(Grossniklaus et al., 1998; Kiyosue et al., 1999; Luo et al.,
1999; Ohad et al., 1999) has renewed interest in the bio-
chemical signals associated with fertilization and the coor-
dinated development of the gametophyte, embryo, and
endosperm tissue in plants.

The 

 

titan 

 

(

 

ttn

 

)

 

 

 

mutants of Arabidopsis represent another
interesting class of mutants with defects in embryo and en-
dosperm development (Liu and Meinke, 1998). The most

striking feature of these mutants is the formation of giant en-
dosperm nuclei and nucleoli during early stages of seed de-
velopment. Embryo development is arrested shortly after
fertilization in most 

 

ttn

 

 mutants and in some cases is ac-
companied by dramatic cell enlargement. Three nonallelic

 

ttn

 

 mutants (

 

ttn1

 

, 

 

ttn2

 

, and 

 

ttn3

 

) with related but distinct
phenotypes were first described by Liu and Meinke (1998).
The 

 

ttn1

 

 phenotype includes extraordinary enlargement of
nuclei in the embryo and endosperm, similar enlargement of
cells in the arrested embryo, and a disruption of endosperm
nuclear migration to the chalazal end of the seed. Defects in

 

ttn2

 

 are limited to early embryonic lethality and enlargement
of endosperm nuclei. Embryo development in 

 

ttn3

 

 is surpris-
ingly normal but is accompanied by the formation of giant
endosperm nuclei early in development and the appearance
of aberrant mitotic figures with numerous condensed chro-
mosomes. Another unique feature of the 

 

ttn3

 

 phenotype is
cellularization of the mutant endosperm late in development.
The 

 

ttn4

 

 mutant identified recently resembles 

 

ttn2

 

 in pheno-
type (Wu, 1999). The 

 

ttn5

 

 mutant described here is most
similar to 

 

ttn1

 

 except that migration of endosperm nuclei is
not disrupted.

Several additional mutants of the 

 

ttn1

 

 class were recently
isolated in the Jurgens laboratory and named 

 

pilz

 

 mutants
because of the mushroom shape of arrested embryos
(Mayer et al., 1999). On the basis of mutant phenotypes and
map locations, it appears that 

 

champignon

 

 (

 

cho

 

) cor-
responds to 

 

ttn1

 

 and 

 

hallimasch

 

 (

 

hal

 

) is allelic to 

 

ttn5

 

. Addi-
tional 

 

ttn 

 

mutants with more variable embryo and
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endosperm phenotypes have been identified during the
course of our T-DNA insertional mutagenesis project. These
mutants are currently at different stages of phenotypic and
molecular characterization.

Several models have been proposed for 

 

TTN

 

 gene func-
tion (Liu and Meinke, 1998). Nuclear enlargement in 

 

ttn

 

 mu-
tants may result from a disruption of either cell cycle control
or the structural mechanics of mitosis. Aberrant migration of
endosperm nuclei in 

 

ttn1

 

 appears most consistent with a
disruption of cytoskeletal organization (Liu and Meinke,
1998). The observation that microtubule organization is al-
tered in 

 

pilz

 

 seeds (Mayer et al., 1999) provides further evi-
dence that cytoskeletal defects may be responsible for
some of the abnormalities seen in the 

 

ttn1

 

 (

 

pilz

 

) class of mu-
tants. The recently

 

 

 

cloned

 

 TTN3

 

 gene has been shown to
encode a protein related to the SMC2 family of condensins
(C.M. Liu and D. Meinke, unpublished results). These pro-
teins, components of the nuclear scaffold required for chro-
mosome condensation in yeast and animal systems (Hirano,
1999), appear to have evolved more specialized functions in
plants. The 

 

ttn3

 

 phenotype therefore results from disruption
of a protein required for normal chromosome mechanics
and nuclear behavior at mitosis.

We describe here the molecular cloning of 

 

TTN5

 

 using a
T-DNA–tagged allele. The predicted gene product is related
to the ADP ribosylation factor (ARF) family of small GTP
binding proteins known to regulate a wide range of cellular
processes in eukaryotes. Based on sequence analysis, TTN5 is
most closely related to the ARL2 subfamily of ARF-like (ARL)
proteins. Much less is known about these ARL proteins than
other ARF proteins, which appear to play an important role
in vesicle transport and phosphoinositide-mediated signal
transduction pathways (Martin, 1998; Chavrier and Goud,
1999; Godi et al., 1999). The 

 

ttn5

 

 phenotype is consistent
with a general disruption of intracellular transport processes
during seed development and may provide valuable insights
into ARL function throughout eukaryotic organisms.

 

RESULTS

Identification of Mutant Alleles

 

The 

 

ttn5-1

 

 mutant was identified in a large-scale screen for
T-DNA insertional mutants of Arabidopsis defective in em-
bryo development. Glufosinate ammonium (BASTA)–resis-
tant plants that developed from seeds produced after
Agrobacterium-mediated transformation were scored for
seed phenotypes, and the presence of embryo-defective
mutations was confirmed in the following generation. Puta-
tive 

 

ttn

 

 mutants were identified by the presence of watery
seeds with enlarged endosperm nuclei. Plants heterozygous
for the 

 

ttn5-1

 

 mutation produced siliques with 

 

z

 

25% mutant
seeds, as expected for a recessive lethal mutation. Mapping

with visible markers localized the mutation to chromosome
2, 

 

z

 

15 cM from 

 

erecta

 

. Seeds from the parental line pro-
duced a high ratio (99:1) of BASTA-resistant:BASTA-sensi-
tive plants, indicative of multiple sites of T-DNA insertion.
Two subfamilies with a low ratio (

 

,

 

3:1) of resistant:sensitive
plants, indicative of a single insertion site, were identified
when progeny seeds from 29 resistant plants were plated on
media containing BASTA. No wild-type plants were identi-
fied among 108 resistant plants derived from these low-ratio
subfamilies. This result is consistent with the presence of a
tagged mutant allele.

A second mutant allele (

 

ttn5-2

 

) was identified by W.
Lukowitz (Carnegie Institution of Washington, Stanford, CA)
as part of a large-scale ethyl methanesulfonate mutagenesis
project. Mapping this allele demonstrated close linkage
between the mutant phenotype and cleaved amplified poly-
morphic sequence markers on chromosome 2. One recom-
binant F

 

2

 

 plant was found with 

 

PHYB

 

 and seven with 

 

THY1

 

after scoring of 186 chromosomes (W. Lukowitz, B. Fang,
and C. Somerville, personal communication). These results
are consistent with those for 

 

ttn5-1

 

 and a location above

 

erecta 

 

on chromosome 2. Complementation tests confirmed
allelism when crosses between 

 

ttn5-1

 

 and 

 

ttn5-2

 

 heterozy-
gotes produced siliques with 

 

z

 

25% mutant seeds.

 

The 

 

ttn5

 

 Phenotype

 

The 

 

ttn5

 

 seed phenotype closely resembles that of 

 

ttn1

 

 de-
scribed by Liu and Meinke (1998). Embryo development in
mutant seeds is limited to the formation of a few giant cells.
In some cases, these embryo cells can exceed 150 

 

m

 

m in
diameter. This is larger than a normal heart-stage embryo
composed of several hundred cells. Giant nuclei and nucle-
oli are found in both the embryo and endosperm tissue. The
number of endosperm nuclei is reduced, often by 10- to 20-
fold, and endosperm cellularization is blocked. Heterozy-
gous plants appear normal except for the production of
25% defective seeds. Terminal phenotypes of 

 

ttn5-1

 

 and

 

ttn5-2

 

 mutant seeds are illustrated in Figure 1 and summa-
rized in Table 1. Both alleles exhibit similar defects in seed
development. The 

 

ttn5-2

 

 allele may be slightly weaker, given
its somewhat greater extent of embryo development.

Nomarski images (see Methods) of cleared seeds at three
stages of development are shown in Figure 2. Mutant seeds
are first distinguished from wild type at the proembryo stage
by abnormalities in both the embryo proper and the suspen-
sor (Figures 2A to 2C). The mutant suspensor at this stage is
short, has altered morphology, and contains fewer cells than
normal. The embryo proper is delayed in division and has
become vacuolated. The number of endosperm nuclei is
also reduced. Unusual cell enlargement in the mutant em-
bryo is apparent at the equivalent of the globular to heart
stages of normal development (Figures 2F to 2H) and con-
tinues through subsequent cotyledon stages (Figures 2J to
2L). Giant embryo cells often appear to be multinucleate.
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Endosperm nuclei and nucleoli (Figures 2E and 2I) continue
to enlarge throughout development.

Light micrographs of sections through mutant seeds con-
firmed the phenotypes observed with Nomarski optics, includ-
ing embryo cell enlargement and vacuolization, increase in
nuclear volume, decrease in number of endosperm nuclei, and
elimination of endosperm cellularization. Examples of such
abnormalities are shown in Figure 3. One consistent difference
between 

 

ttn1

 

 and 

 

ttn5

 

 phenotypes is the presence of chalazal
endosperm in 

 

ttn5

 

. This specialized mass of cytoplasm and
endosperm nuclei is found at the chalazal pole of wild-type
seeds and becomes a prominent feature at the globular to tor-
pedo stages of development (Figure 1C). The chalazal en-
dosperm is present but less prominent than normal in 

 

ttn5

 

mutant seeds (Figures 1A, 1B, and 3E) and is missing alto-
gether in 

 

ttn1

 

 mutant seeds (Liu and Meinke, 1998).

 

Cloning the 

 

TTN5

 

 Gene

 

Right-border plasmid rescue was used to recover DNA se-
quences flanking the T-DNA insert in 

 

ttn5-1

 

 heterozygotes.
Two overlapping plasmids were recovered and found to
contain GC-rich inserts with regions similar to bacterial se-

quences. Another fragment with similar features was ob-
tained using an alternative cloning procedure. Two lines of
evidence indicate that these inserts correspond to a portion
of the Agrobacterium chromosome: (1) polymerase chain re-
action (PCR) primers based on these sequences amplified a

Figure 1. Phenotype of Mutant Seeds Examined with Nomarski Optics.

Giant endosperm nucleoli (EN) and embryo cells (EC) are visible in cleared mutant seeds from heterozygous siliques at the torpedo stage of nor-
mal embryo development.
(A) ttn5-1 mutant seed with a large cytoplasmic mass (CM) near the chalazal (C) end. Arrowheads mark the edge of an endosperm nucleus.
(B) ttn5-2 mutant seed with enlarged nuclei in both the embryo and endosperm.
(C) Wild-type seed with an embryo at the torpedo stage, cellular endosperm tissue (CE), and prominent chalazal endosperm (C).
Bar in (A) 5 40 mm for (A) to (C).

 

Table 1.

 

Phenotypic Characterization of Immature Mutant Seeds

 

a

 

Phenotypic Character

 

b

 

ttn5-1 ttn5-2

 

No. of seeds examined 85 11
No. of endosperm nucleoli 27 (8–71) 27 (12–53)
Largest endosperm nucleolus (

 

m

 

m) 24 (12–41) 21 (9–32)
No. of embryo cells 2 (1–4) 3 (2–5)
Largest embryo cell (

 

m

 

m) 100 (48–166) 71 (51–99)

 

a

 

Cleared seeds at the cotyledon stage of normal development were
examined with Nomarski optics. Numbers represent averages fol-
lowed by range observed.

 

b

 

Wild-type seeds have 

 

z

 

150 to 300 endosperm nuclei at the heart
stage of development and endosperm nucleoli that average 4 

 

m

 

m in
diameter (Wu, 1999). Normal embryo cell diameter is 8 

 

m

 

m. Embryo
cell number includes the suspensor.
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Figure 2. Developmental Changes in the Morphology of Mutant Seeds.

(A) to (C) Wild-type (A), ttn5-1 (B), and ttn5-2 (C) embryos at the proembryo stage of development. Arrowheads mark the embryo proper.
(D) and (E) Wild-type embryo (D) and endosperm (E) at the heart stage. Small dots in (E) correspond to endosperm nucleoli.
(F) to (H) ttn5-2 mutant embryos from siliques at the globular to heart stages of normal development.
(I) Endosperm tissue with prominent nucleoli (EN) present in the mutant seed shown in (H).
(J) to (L) ttn5-2 ([J] and [K]) and ttn5-1 (L) mutant embryos from siliques at a mature cotyledon stage of normal development. Two cytoplasmic
masses (CM) with enlarged endosperm nucleoli are visible in (L) adjacent to the giant embryo cell.
Bar in (J) 5 40 mm for (A) to (L).
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product from Agrobacterium DNA but not from wild-type
plant DNA; and (2) DNA gel blots indicated the presence of
these sequences in heterozygous plants but not in wild-type
plants. In our current model, shown in Figure 4, z30 kb
of Agrobacterium chromosomal DNA is present between
T-DNA borders at the ttn5-1 locus.

Plant sequences flanking T-DNA left borders were then
recovered using the GenomeWalker (Clontech) procedure.
Two products derived from opposite ends of the T-DNA
insert were found to match a portion of a bacterial artificial
chromosome (BAC) chromosome 2 (T30D6) sequenced as
part of the Arabidopsis Genome Initiative (www.tigr.org).
Thirteen bases (positions 26,469 to 26,481) located between
the two left border junction sites appear to have been de-
leted as a result of T-DNA insertion. Probing DNA gel blots
with a PCR product amplified from this region, as illustrated
in Figure 5, revealed a polymorphism between heterozygous
and wild-type plants, consistent with the presence of a
T-DNA insertion at the mutant locus.

TTN5 Gene Organization

The TTN5 coding region was amplified from a yeast expres-
sion library (pFL61) prepared from Landsberg erecta seed-
lings (Minet et al., 1992) to confirm gene predictions for this
region of the genome. The PCR products obtained by using
primers flanking the start and stop codons were sequenced
and found to match the product predicted from annotation
of BAC T30D6. The TTN5 open reading frame encodes a
predicted protein of 185 amino acids. The wild-type gene il-
lustrated in Figure 4 is z1.1 kb long and contains five exons
and four introns of similar sizes. The T-DNA insertion site in
ttn5-1 is located near the 59 end of the fourth exon.

Confirmation of Gene Identity

A second mutant allele was sequenced to confirm that dis-
ruption of the TTN5 locus was responsible for the mutant
phenotype. Because tissue could not be obtained from ttn5
homozygotes, DNA was isolated from ttn5-2 heterozygotes,
and the PCR products derived from mutant and wild-type
alleles were sequenced together to look for polymorphisms.
This approach is similar to that frequently used to detect se-
quence polymorphisms associated with human diseases
(Barbetti et al., 1990; Bell et al., 1999). Molecular comple-
mentation was not attempted because with embryo-lethal
mutations, this requires the additional step of crossing
transformed wild-type plants with mutant heterozygotes and
then looking for a disruption of the expected ratio of mutant
seeds in the next generation. Such an extended approach
will not meet the demands of high-throughput analysis of
hundreds of EMB genes in the future. The direct sequencing
method outlined here should therefore assist in the analysis

of embryo-defective mutants and facilitate large-scale func-
tional analysis of essential genes in Arabidopsis.

Two clear polymorphisms between the Landsberg (ttn5-2)
and Columbia (ttn5-1 and BAC T30D6) sequences were
found. Both were single-base changes located within in-
trons. In addition, one ambiguous base was noted in the

Figure 3. Light Microscopy of Mutant and Wild-Type Seeds.

(A) and (B) Wild-type seeds at the heart (A) and torpedo (B) stages.
The suspensor (S) attaches the embryo proper (EP) to the seed coat.
Endosperm nucleoli are visible as dark dots surrounded by a pale
nucleus (arrowheads) and variable amounts of cytoplasm.
(C) Part of a ttn5-1 mutant seed from a silique at the cotyledon stage
of normal development. A giant endosperm nucleolus (dark inner cir-
cle) and nucleus (arrowhead) are visible within a large cytoplasmic
mass (CM).
(D) and (E) Basal portion of a ttn5-1 mutant seed from a silique at
the cotyledon stage of normal development. Vacuolated embryo
cells (EC) and a large endosperm nucleus (EN) are visible at the mi-
cropylar end of the seed. A chalazal endosperm nucleus (arrowhead)
and surrounding cytoplasm are found at the chalazal (C) pole.
Bar in (B) 5 40 mm for (A) to (E).
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third exon, at nucleotide 26,738 in BAC T30D6. The uncer-
tain (N) base call, as shown in Figure 6, resulted from the
presence of peaks for both guanine and adenine. This poly-
morphism was found at the same location when both
strands were sequenced and when PCR products from a
second DNA sample were analyzed. These results are pre-
cisely what should be found if the mutation caused a G-to-A
transition in this region of the TTN5 gene and there were
equal amounts of wild-type (G) and mutant (A) sequences in
PCR products derived from heterozygotes. The resulting

G-to-A transition creates a premature stop codon near the
59 end of the gene, at the location of amino acid 65 (tryp-
tophan) in the protein. The presence of this nonsense muta-
tion is consistent with the strong mutant phenotype.

TTN5 Encodes an ARL Protein

RNA gel blots were first used to determine whether TTN5
expression could be detected in wild-type plants. Poly(A)1

RNA was isolated from 14-day-old seedlings and mature
leaves and probed with the TTN5-derived PCR product de-
scribed in Figure 5. Single hybridizing bands of the expected
size (z600 bp) were detected with both samples (data not
shown). Reverse transcription (RT)–PCR with gene-specific
primers was then used to confirm expression. The results
shown in Figure 7 indicate that TTN5 is expressed in seed-
lings, leaves, roots, and inflorescences of wild-type plants.
This gene therefore appears to function throughout the Ara-
bidopsis life cycle.

The original annotation for BAC T30D6 indicated that the
predicted TTN5 gene product was related in sequence to
ARFs. We used the TTN5 protein sequence to perform a

Figure 4. Gene Structure at the TTN5 Locus.

(A) Schematic representation of the TTN5 gene (T30D6.10) se-
quenced as part of the Arabidopsis Genome Initiative. Locations of
exons and mutation sites in wild-type and mutant alleles are indi-
cated. T-DNA left border (LB) and right border (RB) sequences at the
ttn5-1 insertion site are shown. The complex insert contains several
copies of T-DNA and z30 kb of Agrobacterium DNA (interrupted
line). The location of the TGG-to-TGA mutation site in ttn5-2 is
marked with an asterisk. Numbers on the scale bar correspond to
base pairs.
(B) Map of genomic region flanking TTN5, indicating the relevant re-
striction sites used for DNA gel blot analysis and GenomeWalker
cloning. Coordinates listed refer to numbered bases in BAC T30D6
(GenBank accession number AC006439). Some recognition se-
quences have been omitted for clarity. The triangle represents the
T-DNA insertion site in ttn5-1. Vertical lines mark the locations of
TTN5 exons. Note that TTN5 is in reverse-complement orientation
relative to the BAC sequence. GenomeWalker clones were obtained
from the T-DNA insertion site to the HpaI site at 23,456 bp, the
BstZ17I site at 24,527 bp, and the SnaBI site at 28,685 bp.

Figure 5. DNA Gel Blot of Heterozygous and Wild-Type Plants.

Genomic DNA from wild-type plants (lanes 1 and 3) and ttn5-1 het-
erozygotes (lanes 2 and 4) was digested with either BamHI (lanes 1
and 2) or EcoRI (lanes 3 and 4) and probed with a 32P-labeled PCR
product corresponding to the TTN5 gene (nucleotide coordinates
26,901 to 27,130 of BAC T30D6). The presence of polymorphic
bands (arrows) indicates that the cloned region has been disrupted
by T-DNA insertion. The lengths of hybridizing fragments are consis-
tent with the restriction map shown in Figure 4. The predicted 22-kb
polymorphic band in lane 2 cannot be resolved from the 24-kb (wild-
type) band seen in lanes 1 and 2.
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more thorough analysis of the ARF gene family in Arabidop-
sis and related plants. The results of BLASTP searches
against all GenBank sequences revealed that TTN5 is most
closely related in sequence to the ARL2 subfamily of ARL
proteins found in animals. These results are summarized in
the phylogram shown in Figure 8. TTN5 has the conserved
GTP binding domains expected for ARF proteins and exhib-
its 63% identity to human and mouse ARL2 and 62% iden-
tity to rat ARL2. The high degree of sequence conservation
throughout the protein is shown in Figure 9A. The distinction
between ARF and ARL proteins was originally based on
functional assays in mammals and yeast but has become
more blurred with the identification of additional sequences
in other organisms. The top 10 BLASTP scores with TTN5
were nevertheless ARL2-related proteins, consistent with
the conclusion that TTN5 represents the first example of a
plant ARL2 homolog.

The ARF Family in Arabidopsis

TTN5 shares ,50% sequence identity with every other plant
ARF protein identified to date and, as shown in Figure 9B,
clearly differs from several ARF proteins found in Arabidop-
sis. The ARF1 gene family exhibits a marked degree of se-
quence conservation in plants. Six ARF1 family members
have been identified in Arabidopsis. One member (ARF1a) is
located on chromosome 1 and encodes a predicted protein
of 188 amino acids. Another member (ARF1b) is found on
chromosome 2 and encodes a predicted protein of 181

Figure 6. Direct Sequencing of PCR Products from Heterozygous
(ttn5-2) and Wild-Type Genomic DNA.

(A) DNA and predicted amino acid sequence of the region around
the mutation site in ttn5-2. The G-to-A transition in the mutant allele
generates a premature opal stop codon.
(B) Sequence chromatograms from direct sequencing of PCR prod-
ucts derived from a ttn5-2 heterozygote. Results of sequencing both
strands are presented. Note the highlighted (N) base call derived
from an equal amount of wild-type and mutant products in the se-
quencing reaction. Small peaks for both A 1 G (top strand) and C 1
T (bottom strand) are visible at this position.
(C) Control chromatograms for the same region from wild-type sib-
ling plants. Note the absence of any sequence ambiguities.

Figure 7. DNA Gel Blot of RT-PCR Products Confirms TTN5 Ex-
pression.

The tubulin (TUB1) gene is included as a control. The expected
product sizes for RT-PCR reactions are 570 (TTN5), 739 (TUB1),
1052 (TTN5 genomic DNA control), and 1654 bp (TUB1 genomic
DNA control).
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amino acids. The sequence of ARF1b has been confirmed
through isolation of a full-length cDNA (Regad et al., 1993).
ARF1a appears to have a novel C-terminal extension (amino
acids 179 to 188) not found in other ARF1 proteins, but only
a single amino acid differentiates ARF1a and ARF1b in the
remainder of the protein. This sequence conservation also
extends to other plants. For example, Arabidopsis ARF1b
differs from rice and carrot ARF1 proteins by only three
amino acids. Four additional ARF1 family members have re-
cently been identified through the Arabidopsis genome
project. Three of these are located on chromosome 1 (BACs
F20B4, F28C1, and F24J13) and one on chromosome 3
(BAC T17J13). The only differences identified among the six
predicted proteins are the C-terminal extension and two
amino acids located near the N terminus.

Two other ARF family members were found by searching
Arabidopsis sequence databases. One (Arabidopsis ARF in
Figure 8) is located on chromosome 2 (BAC F27O10) and is
difficult to classify because it shares only 67% sequence
identity with other plant ARF1 proteins, 44% identity with
TTN5, and similar identities with a number of different ARF
and ARL proteins from animal systems. Another Arabidopsis
ARF sequence located on chromosome 2 (BAC F27C12)
shares 47% identity with TTN5 and corresponds to a pub-
lished cDNA sequence (Lebas and Axelos, 1994). This mem-
ber was originally named ARF3 but appears to be most
closely related (65% identity) to human and rat ARL1. We
therefore believe this sequence corresponds to an Arabi-
dopsis ARL1 protein. In addition, a putative GTPase-activat-
ing protein (GAP) that may associate with TTN5 has been
identified on sequenced BAC F13M22 located on chromo-
some 2. Additional members of the ARF and GAP families
may be uncovered when the Arabidopsis genome project is
completed.

DISCUSSION

Many cellular processes in eukaryotes are regulated by
small GTP binding proteins (Boguski and McCormick, 1993;
Garcia-Ranea and Valencia, 1998; Hall, 1998). These mono-
meric GTPases alternate between active (GTP-bound) and
inactive (GDP-bound) states, in part through association
with GAPs and guanine exchange factors (GEFs). The active
state interacts with membranes and effector molecules that
function in a variety of signal transduction networks. The
RAS superfamily of GTP binding proteins is divided into sev-
eral families with diverse but overlapping functions: RAS
(cell growth and differentiation), RHO/RAC/CDC42 (cell mo-
tility and polarity), RAN (nuclear protein import), RAB (vesicle
transport), and ARF/SAR (vesicle formation). Although char-
acterized most extensively in yeast and mammalian sys-
tems, RAS-like proteins have been identified in a wide range
of organisms, and their cellular functions appear in general
to be conserved.

Figure 8. Relationship between TTN5 and Selected ARF/ARL Pro-
teins.

This GrowTree (Version 10.0; Genetics Computer Group, Madison,
WI) phylogram was constructed using 10 representative protein se-
quences with high BLASTP scores to TTN5, four Arabidopsis se-
quences with high scores, and five high scores from other plants.
Alignments were calculated using the blosum62 matrix, uncorrected
distances, and the UPGMA tree-building method. Tree branch
lengths are proportional to evolutionary distance, as indicated by the
scale. Entries separated by short horizontal lines exhibit a high de-
gree of sequence identity. Note that TTN5 falls within the ARL2 clus-
ter of sequences, distinct from ARL3 and ARF1. Protein sequences
and GenPept accession numbers used in the alignment are soybean
ARF1, AAD17207; Arabidopsis ARF1b, P36397; carrot ARF1,
P51822; Arabidopsis ARF1a, AAC98042; rice ARF1, P51823; rice
ARF1, AAB65432; maize ARF1, P49076; Arabidopsis ARF,
AAD26902; Arabidopsis ARL1, P40940; mouse ARL3, AAD33067;
rat ARL3, P37996; human ARL3, NP_004302; Leishmania ARL3,
CAA65780; mouse ARL2, AAD33908; rat ARL2, O08697; human
ARL2, NP_001658; Drosophila ARL2, Q06849; TITAN5, AAD15498;
Caenorhabditis elegans ARL, Q19705; and Schizosaccharomyces
pombe ARL, Q09767. Scale bar 5 10 substitutions per 100 residues.
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GTP binding proteins have also been isolated and charac-
terized in various plants (Ma, 1994; Bischoff et al., 1999).
Recent studies have examined the role of RAC proteins in
pollen tube growth (Kost et al., 1999), RAB proteins in desic-
cation tolerance (O’Mahony and Oliver, 1999) and intracellu-
lar protein trafficking (Sanderfoot and Raikhel, 1999), RAN
proteins in nuclear protein import (Smith and Raikhel, 1999),
and SAR proteins in vesicle formation (d’Enfert et al., 1992;
Takeuchi et al., 1998). Although mutants defective in such
proteins have been studied for many years in yeast, similar
mutants have been difficult to identify in plants and have not
contributed in a major way to our understanding of plant
processes. The TTN5 gene described here illustrates how
an Arabidopsis mutant with a novel phenotype can be used
to examine not only the regulation of mitosis and cytokinesis
during seed development but also the function of ARF-like
proteins in plants and other eukaryotes.

The ARF proteins are conserved GTP binding proteins
that function in vesicle formation and intracellular vesicle
trafficking in yeast and mammalian systems (Chavrier and
Goud, 1999). ARF proteins also stimulate phospholipase D
activity (Brown et al., 1993; Martin, 1998) and serve as co-
factors for ADP ribosylation of heterotrimeric G proteins by
cholera toxin (Kahn and Gilman, 1984). The ARF family has
been divided into ARF and ARL proteins on the basis of
structural and functional characteristics. ARL proteins are
unable to function as effective activators of cholera toxin or
to rescue the lethal phenotype of yeast arf1 arf2 double mu-
tants. Several ARF and ARL proteins have been examined in
detail in yeast (Lee et al., 1997). Humans encode at least six
ARFs and perhaps even more ARLs (Hong et al., 1998;
Jacobs et al., 1999). ARF1 is localized to the Golgi complex
and plays a well-documented role in coat assembly and ves-
icle budding (Schekman and Orci, 1996; Chavrier and Goud,
1999). In contrast, the functions of ARL proteins have remained
elusive despite their identification in a wide range of organ-
isms (Tamkun et al., 1991; Clark et al., 1993; Cavenagh et
al., 1994; Lee et al., 1997; Jacobs et al., 1999).

Several examples of plant ARFs have been described in
the literature (Bischoff et al., 1999) and uncovered through
the Arabidopsis genome project (Meinke et al., 1998). These
include ARF1 homologs from rice (Higo et al., 1994), carrot
(Kiyosue and Shinozaki, 1995), maize (Verwoert et al., 1995),
and Arabidopsis (Regad et al., 1993). The TTN5 gene prod-
uct is most closely related in sequence to the ARL2 class of
proteins. This class was originally identified in humans and
Drosophila using degenerate primers based on conserved
domains (Lee et al., 1997). Disruption of the ARL1 locus in
Drosophila results in zygotic lethality (Tamkun et al., 1991).
Mutants defective in ARL2 genes have not been described
in any organism, and no plant ARL2 gene sequences other
than TTN5 have been submitted to GenBank.

The role of ARF1 in vesicular transport in animal systems
has been studied most extensively in the Golgi complex and
endoplasmic reticulum. Vesicle formation appears to require
conversion of ARF-GDP to ARF-GTP through interaction

Figure 9. Sequence Alignment of TTN5 with Related ARF and ARL
Proteins.

Identical amino acids found in all proteins are highlighted with black
background. Dots represent gaps introduced to maximize alignment
(Genetics Computer Group Pileup Program; parameters set as in
Figure 8). Asterisks mark the locations of conserved GTP binding
domains (Bourne et al., 1991). Accession numbers are given in Fig-
ure 8.
(A) Alignment with ARL2 proteins identified in humans, mouse, rat,
and Drosophila (Dro).
(B) Alignment with ARF and ARL proteins identified in Arabidopsis
(Arab).
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with the Sec7 domain of membrane-bound GEFs (Chavrier
and Goud, 1999). The resulting change in ARF conformation
facilitates recruitment of coatomer protein, leading to mem-
brane deformation, budding, and vesicle release (Schekman
and Orci, 1996). The inactive, GDP-bound form of ARF1 is
later reconstituted through the action of GAPs. All known
ARF GEFs contain Sec7 domains (Meacci et al., 1997;
Togawa et al., 1999). Differences have been found in protein
size and sensitivity to brefeldin A, a fungal toxin that disrupts
Golgi structure and function. Other members of the ARF
family appear to perform related cellular functions, although
they differ somewhat in membrane binding specificity and
associated protein cofactors. ARL proteins have been par-
ticularly difficult to analyze from a functional perspective
(Hong et al., 1998; Sturm et al., 1998). No specific function
has been assigned to ARLs from Drosophila, humans, rat, or
mouse. Yeast ARL1 is not required for protein transport
from the endoplasmic reticulum to the Golgi complex
and, unlike Drosophila ARL1, is not required for cell viability
(Lee et al., 1997). Despite their sequence diversity, ARLs
probably function in some aspect of intracellular membrane
trafficking.

Several features of the ttn5 embryo phenotype are consis-
tent with the known functions of ARF proteins in other sys-
tems. Disruption of vesicle transport is known to interfere
with cell plate formation and cytokinesis in plants, resulting
in a failure to complete cell division. If accompanied by un-
coupling of the cell cycle, this defect could account for the
marked cell and nuclear enlargement observed in ttn5 mu-
tant embryos. Two other embryo mutants of Arabidopsis
(knolle and keule) appear to disrupt different steps in mem-
brane trafficking (Assaad et al., 1996; Lukowitz et al., 1996).
The identity of KEULE has not been published, but KNOLLE
encodes a syntaxin required for vesicle transport during cy-
tokinesis (Lauber et al., 1997). The embryo cell enlargement
observed in knolle keule double mutants is consistent with
the conclusion that a severe disruption of membrane trans-
port mediated by ARL proteins could result in the formation
of giant embryo cells. Alterations in the microtubule cytoskel-
eton observed in mutant pilz embryos (Mayer et al., 1999)
may be an indirect consequence of changes in membrane
transport systems and may contribute to the cell enlarge-
ment. The EMB30 (GNOM) gene, which is postulated to play
an important role in embryo development, contains a Sec7
domain (Shevell et al., 1994; Busch et al., 1996) and may
represent the GEF required for activation and localization of
TTN5 within the membrane. The EMB30 protein has also
been shown to be required for proper localization of the
PIN1 auxin efflux carrier and normal pattern formation dur-
ing embryo development (Steinmann et al., 1999).

The endosperm phenotype of ttn5 is somewhat more diffi-
cult to explain in light of known functions of ARF and ARL
proteins. At least three different models appear to be con-
sistent with the mutant phenotype. According to the first
model, loss of TTN5 function disrupts the distribution of
Golgi-derived materials critical for normal progression

through mitosis but not for repeated entry into the cell cycle.
This model assumes that Arabidopsis ARL2 (TTN5) performs
a function in vesicular trafficking similar to that of ARF pro-
teins examined in mammalian systems. Nuclear enlarge-
ment and the formation of giant nucleoli could then result
from defects in a number of cellular processes that depend
on normal Golgi function. The failure of pilz mutants to as-
semble microtubule networks could also be an indirect con-
sequence of this more general defect in vesicle formation.
An alternative model is that TTN5 associates with both the
Golgi complex and the nuclear membrane. According to this
model, TTN5 performs a secondary function distinct from
that of other ARFs but not inconsistent with the sequence
divergence observed between ARF and ARL proteins. A
third model is that TTN5 functions not only in vesicular
transport but also in signal transduction networks that play a
more direct role in cytoskeletal organization and progression
through mitosis. ARF1 stimulation of phospholipase D activ-
ity (Wakelam et al., 1997) and phosphatidylinositol-4,5-bis-
phosphate signaling pathways (Godi et al., 1999; Lorra and
Huttner, 1999) illustrates how such proteins may have sec-
ondary effects on several cell processes.

Distinguishing between these models may require the iso-
lation of a second mutant gene with a similar phenotype.
Unfortunately, molecular cloning of TTN1 has been delayed
by the absence of a tagged mutant allele and by a genome
location that remains to be sequenced. One possibility is
that TTN1 encodes a GEF or GAP that interacts with several
ARF family members. This could explain the additional de-
fect in endosperm nuclear migration observed in ttn1 mutant
seeds. Differences in embryo cell morphology between ttn1/
ttn5 and ttn2/ttn4 mutants also remain to be explained. With
further advances in TTN gene isolation, however, valuable
details should emerge about the molecular basis for the ttn
phenotype and the nature of proteins required for normal
progression through mitosis and cytokinesis during seed
development.

METHODS

Plant Materials and Growth Conditions

T-DNA insertional mutants were generated in the Columbia ecotype
of Arabidopsis thaliana according to the vacuum infiltration proce-
dure (Bechtold and Pelletier, 1998). Progeny seeds were planted in
soil, and transgenic plants were identified by their resistance to foliar
application of 1.2 mM glufosinate ammonium (BASTA; Hoechst,
Frankfurt, Germany). Transplanted BASTA-resistant plants were
grown to maturity and scored for the presence of 25% defective
seeds after self-pollination (Meinke, 1994). Heterozygous ttn5-1
plants used for subsequent analyses were maintained as described
by Liu and Meinke (1998). The ttn5-2 allele was isolated by W.
Lukowitz (Carnegie Institution of Washington, Stanford, CA) in the
Landsberg erecta ecotype after seed mutagenesis with ethyl meth-
anesulfonate. Seeds were imbibed in 0.3% ethyl methanesulfonate
for 8 hr, and the resulting M1 plants were scored for defective seeds.
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Genetic and Phenotypic Characterization

The tagging status of ttn5-1 was resolved by the strategy of Castle et
al. (1993), except that selection involved growth on 50 mM glufosi-
nate (Crescent Chemical Co., Hauppauge, NY) instead of kanamycin.
Plants were scored for resistance 10 to 14 days after plating. Resis-
tant plants were transplanted to soil and later screened for the pres-
ence of mutant seeds. Mapping of ttn5-1 with visible markers was
performed as described by Franzmann et al. (1995). Approximately
160 F2 plants produced from a cross between ttn5-1 and DP23 (ch1,
er, gl1, cer2, and tt3) were scored for the ttn5 and marker pheno-
types to determine linkage. Mapping of ttn5-2 was performed at the
Carnegie Institution by crossing heterozygotes with wild-type Co-
lumbia plants and scoring F2 plants for the cleaved amplified poly-
morphic sequence markers PHYB and THY1. For phenotypic charac-
terizations, mutant seeds were cleared with Hoyers solution (7.5 g of
gum Arabic, 100 g of chloral hydrate, and 5 mL of glycerol in 30 mL
of water) and examined with a microscope (model BH-2; Olympus
Optical Co., Tokyo, Japan) equipped with Nomarski optics, as de-
scribed by Meinke (1994). Endosperm nuclei and embryo cells were
counted and measured using an ocular micrometer and grid. Sec-
tioned materials for confirmation of mutant phenotypes were pre-
pared and examined as described by Liu and Meinke (1998).

Cloning of Tagged Mutant Allele

Genomic DNA was prepared using lyophilized tissue obtained from
the aerial portions of heterozygous ttn5-2 plants, as described by
Reiter et al. (1992). Plasmid rescue was performed as described by
Castle et al. (1993) to obtain sequences adjacent to the T-DNA right
border. The GenomeWalker protocol (Clontech, Palo Alto, CA) was
used to recover sequences flanking the T-DNA left border. Two mod-
ifications were made to the instructions provided: (1) the blunt-end
enzymes BstZ17I, HpaI, SnaBI, and StuI (New England Biolabs, Bev-
erly, MA) were used because their recognition sites are common in
Arabidopsis genomic DNA but are missing from the T-DNA vector;
and (2) for primary polymerase chain reaction (PCR) amplification,
the AP1 primer suggested by Clontech was modified to GTAATA-
CGACTCACTATAGGGCA to avoid the 39-terminal GC in the stan-
dard AP1 primer. A left border–specific primer (JM35) GCCTTTTCAGAA-
ATGGATAAATAGCCTTGCTTCC was used in combination with the
modified AP1 primer. Amplification was performed with Advantage
Genomic Polymerase Mix (Clontech), cycling conditions described in
the GenomeWalker protocol, and a thermocycler (model 9700; Per-
kin-Elmer) set at 9600 ramp rate. Secondary PCR was performed
with a nested primer (JM34) specific to the left border (GCTTCCTAT-
TATATCTTCCCAAATTACCAATACA) and the AP2 primer from Clon-
tech. Products of this reaction were cloned using the TOPO T/A
Cloning Kit (Invitrogen, Carlsbad, CA). DNA for four colonies per re-
action was prepared using the Qiaprep Spin Miniprep kit (Qiagen,
Valencia, CA), analyzed after EcoRI digestion and gel separation, and
sequenced with an ABI Prism 377 using Big Dye terminator chemis-
try (PE Biosystems, Foster City, CA) and standard M13 forward and
reverse primers.

Direct Sequencing of Second Mutant Allele

Vegetative tissue from ttn5-2 heterozygotes and wild-type siblings
was frozen at 2808C and lyophilized. Genomic DNA was extracted
from 10 mg of ground tissue using the Puregene DNA Isolation Kit

(Gentra Systems, Minneapolis, MN) without the optional RNase step.
This DNA was then used as a target for amplification with the Clon-
tech Advantage 2 polymerase mix, which includes a proofreading
polymerase to reduce the misincorporation rate, a Perkin-Elmer 9700
thermocycler set at maximum ramp rate, and the following primer
pairs: DP390 (GACCATGGGACTGTTAAGCATAATC) and DP391
(GAGAGCTCTTAGTCAAGCATGTAAATCCTGGA), and DP390 in
combination with JM93 (AGGCATAATGTACACTGATGAAGT-
CGTCA). Cycling conditions were 958C for 1 min followed by 30 cy-
cles of 958C for 15 sec, 558C for 15 sec, and 688C for 1.5 min, and
ending with a 2-min dwell at 688C and a 48C hold. For each success-
ful reaction, 1 mL of exonuclease I (10 units/mL; USB Corporation,
Cleveland, OH) and 1 mL of shrimp alkaline phosphatase (1 unit/mL;
USB Corporation) were added to 45 mL of reaction mix and incu-
bated at 378C for 60 min and then stopped by heating at 708C for 10
min. Five microliters of this mixture was used as a template for direct
sequencing according to standard ABI Big Dye terminator protocols.
The following primers were used for sequencing: DP390, DP391,
JM44 (TGCGTATTCTTATGGTGTATGTCA), JM64 (CGATAACCC-
CTATGTCCAAATC), and JM66 (TCCGGTTATTTTCAGAACAATC).
Sequences obtained for the amplified region were compared with
those for bacterial artificial chromosome (BAC) T30D6 using Se-
quencher version 4.0 for PC (GeneCodes, Ann Arbor, MI). For addi-
tional details on the use of direct sequencing of PCR products in
human genotyping using ABI automated sequencers, refer to http://
www.pebio.com/ab/md/highres.html.

Gel Blot Hybridization

DNA gel blots used to analyze sequences adjacent to right-border
and left-border T-DNA sequences and to confirm the presence of a
sequence polymorphism at the TTN5 locus between heterozygous
and wild-type plants were performed as described by Reiter et al.
(1992). The PCR product used to probe the blot shown in Figure 5
was amplified from Columbia DNA using AmpliTaq (Perkin-Elmer)
and standard cycling conditions with primers JM44 (TGCGTATTC-
TTATGGTGTATGTCA) and JM45 (CATGTAAATCCTGGAGGCAAT-
GTC), which flank the insertion site. RNA gel blots were performed as
described by Patton et al. (1998). Poly(A)1 RNA was isolated from
100 mg of total RNA using the Micro FastTrack kit (Invitrogen).

Reverse Transcription–PCR Protocol

Approximately 0.5 g of plant tissue was ground in liquid nitrogen, and
the total RNA was extracted with Trizol Reagent (Lifetech, Gaithers-
burg, MD) according to the manufacturer’s protocol. Total RNA con-
centration was determined by UV absorbance at 260 nm. For each
sample, 5 mg of total RNA was reverse-transcribed with an oligo
dT18 primer (Ambion, Austin, TX) and Superscript II (Lifetech), as de-
scribed in the Lifetech instructions. An additional incubation of 30
min at 508C was added after the 1 hr at 428C specified by the manu-
facturer. Five microliters of reaction products from each tissue was
used as template in PCR reactions with the primer pairs DP390 and
DP391 or TUB1F (CCACCGGACGTTACAAC) and TUB1R (CCA-
CGGGAAGTGAGAGG). In control reactions, either 5 mL of water or
10 ng of genomic DNA in 5 mL of water was used as template. The
reaction conditions were 0.05 unit/mL AmpliTaq, 200 nM of each
dNTP, 1.5 mM MgCl2, PCR Buffer II (Perkin-Elmer), and 0.5 mM of
each oligonucleotide in a 50-mL reaction volume. Cycling conditions
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were 958C for 2 min followed by 25 cycles of 958C for 15 sec, 508C
for 30 sec, 728C for 2 min, and ending with a 5-min hold at 728C. DNA
gel analysis used 5 mL of each PCR reaction loaded on a 2% gel with
Tris–borate–EDTA buffer.
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