tation on a Long-Evans background and maintained
pathogen-free in a barrier facility. Males were diag-
nosed as carriers at 12 months of age after we
performed unilateral nephrectomy to detect tumors
histologically in the excised kidney. Heterozygous
male rats carrying the Eker mutation from a carrier

rats were euthanized and necropsied. A midsagittal
section of each kidney was examined microscopically
for quantitation of histological type, size, and num-
ber of renal neoplasms. At necropsy we examined all
tissues and we noted no metastatic lesions by mac-
roscopic observation or by microscopic examination

study the long-term effects of treatment on children
with cancer.
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animals were bred from second generation tumor-
free homozygous wild-type animals from Eker stock,
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of the lung and liver of any of the animals.

The carrier F1 group included both heterozygotes
carrying the mutation and homozygous wild-type
animals. Therefore, the impact of the Eker gene
mutation on carcinogen susceptibility is in all likeli-
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Evidence of a Role for Heterotrimeric GTP-Binding
Proteins in Endosome Fusion

Maria 1. CoLoMmBO, Luis S. MAYORGA, PATRICK ]. CASEY,
PaiLIr D. STAHL

Guanosine triphosphate (GTP)-binding proteins are required for intracellular
vesicular transport. Mastoparan is a peptide component of wasp venom that
increases nucleotide exchange in some classes of Ga subunits of regulatory hetero-
trimeric GTP-binding proteins (G proteins). Mastoparan and other compounds that
increase nucleotide exchange by G proteins inhibited endosome fusion in vitro and
reversed the effects of guanosine 5’-O-(3-thiotriphosphate) (GTP-y-S), a nonhy-
drolyzable GTP analog. Addition of B+ subunits of G proteins to the fusion assay
antagonized the stimulatory effect of GTP-y-S, confirming the participation of G
proteins. These results indicate that GTP-binding proteins are required for endo-
some fusion and in particular that a G protein is involved. Given the function of G
proteins in signal transduction, these findings may provide insight into the mecha-
nism by which endosomal vesicles become competent for fusion after their formation

2). Moreover, several small GTP-binding
proteins of the Rab family are localized on
endosomal and secretory vesicles from
mammalian cells (8). Rab 5 functions in
fusion between early endosomes (9), and
Rab 4 is apparently associated with a pop-
ulation of early endosomes that participate
in transferrin receptor recycling (10).
However, there are some indications that
heterotrimeric GTP-binding proteins (G
proteins) may also function in intracellular
transport. Aluminum fluoride, which can
activate G proteins but not monomeric
GTP-binding proteins (11), can affect
transport in the secretory (12) and en-
docytic pathways (5, 13). Also, the pres-
ence of Ga subunits of G proteins in
specific intracellular compartments (14)
and in rat liver fractions (15) suggests a

at the cell surface.

VIDENCE THAT GTP-BINDING PRO-

teins take part in vesicular transport

comes from in vitro assays that re-
constitute fusion between intracellular
compartments and from the analysis of
secretion-deficient mutants of yeast (1, 2).
Non-hydrolyzable GTP analogs (such as
GTP-v-8S) inhibit several steps of the secre-
tory pathway reconstituted in vitro (3) and
stimulate secretion in some preparations
(4). In vitro endosome fusion can be stim-
ulated or inhibited by GTP-y-S, depending
upon the assay conditions (5, 6). GTP-
binding proteins behave as molecular
switches that rapidly change from an active
GTP-bound form to an inactive GDP-
bound form. These proteins are regulated
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function for G proteins in membrane traf-
ficking. The experiments presented in this
paper suggest a role for one or more G
proteins in regulating endosome fusion.
G proteins are activated by ligand-stim-
ulated receptors (16). Mastoparan is an
amphiphilic tetradecapeptide toxin from
wasp venom that accelerates nucleotide ex-
change in some o subunits (preferentially

by interactions with other proteins that
promote nucleotide exchange and GTP hy-
drolysis (7). Until recently, only monomer-
ic GTP-binding proteins had been impli-
cated in intracellular transport, such as the
proteins YPT1, SEC4, ARF, and SARI,
which are required for secretion in yeast (1,

Fig. 1. Regulation of endo- A B
some fusion by mastoparan. 120
Endosome fusion was as-
sessed in a cell-free system 100
with mannosylated antibody

to dinitrophenol (DNP) & 80
and DNP-B-glucuronidase b

as probes (27). (A) En- 2 6
docytic vesicles containing 2 40

fusion probes were mixed
with increasing concentra-
tions of cytosol in the pres-
ence of 20 pM GTP-y-S
(®), 20 pM GTP-y-S and’
10 pM mastoparan (A), or
without additions (O). (B)
Effect of increasing concentrations of mastoparan in the presence of GTP-y-S (20 pM) at two different
cytosolic protein concentrations, 0.1 mg/ml (O) and 2 mg/ml (®). Cytosol was prepared as described
(6). Protein concentration was determined after gel filtration by the Bradford method (28). Incubations
were carried out for 45 min at 37°C and the assay was stopped by cooling at 4°C. Values are expressed
as percentages of the maximum fusion in the experiment.

20
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o, and o;) of G proteins by a mechanism
that is virtually identical to that of agonist-
bound receptors (17, 18). GTP-y-S acti-
vates GTP-binding proteins by holding
such proteins in their active GTP-bound
conformation. GTP-y-S has a dual effect on
endosome fusion in a cell-free system (6).
It stimulates vesicle fusion under assay
conditions containing low concentrations
of cytosolic proteins and inhibits fusion in
the presence of high concentrations of cy-
tosol. Mastoparan reversed both activation
and inhibition of fusion produced by GTP-
v-S (Fig. 1A). Both effects of GTP-y-S
were reversed by similar concentrations of
mastoparan (Fig. 1B). Concentrations of
mastoparan greater than 20 pM inhibited
fusion at all concentrations of cytosol (Fig.
1B). This suggests that a mastoparan-sen-
sitive GTP-binding protein functions in
endosome fusion. This GTP-binding pro-
tein is probably a G protein, because mas-
toparan is much more active on this class of
GTP-regulated proteins. Mastoparan stim-
ulates the GTPase activity of G, or G; by
15- to 20-fold with an effective concentra-
tion (ECgq) of 5 to 10 pM (18). Masto-
paran can also interact with the small GTP-
binding proteins Rho and Rac (19).
However, the half-maximal and maximal
concentrations of mastoparan required for
these effects are 20 pM and 100 pM,
respectively, and the maximal stimulation
is about fourfold. In our assay, the concen-
trations required are considerably lower (5
and 10 pM, respectively) (Fig. 1B). To
evaluate the effect of mastoparan on endo-
some integrity, endosomes were loaded
with three sizes of gold particles and incu-
bated at low cytosol concentrations in the
presence of GTP-y-S and mastoparan (10
uM). Vesicle morphology, as revealed by
electron microscopic analysis, was not af-
fected, but endosome aggregation (20) and
fusion were inhibited (21).

Some other amphiphilic peptides also
activate nucleotide exchange in Ga sub-
units (18). Mellitin and HR1 (18, 22), two
peptides with these properties, reversed the
effect of GTP-y-S on endosome fusion.
The mean ECgy’s for mellitin and HR1
were 5 uM and 20 uM, respectively. HR2,
a mast cell degranulating peptide not struc-
turally related to mastoparan (22), had no
effect. Masl7, a mastoparan analog that
does not promote nucleotide exchange
(18), did not reverse the effect of GTP-y-S
on endosome fusion. Hydrophobic amines
such as benzalkonium chloride and meth-
ylbenzetonium, which enhance nucleotide
exchange in G proteins (18), also inhibited
fusion at concentrations similar to those
that increase nucleotide exchange. Like
mastoparan, benzalkonium chloride re-
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Fig. 2. Effect of mastoparan and GDP-B-S on
endosome fusion in the absence of GTP-y-S.
Endosome fusion as described in Fig. 1 was
assayed at different concentrations of cytosolic
proteins in the presence of 10 pM mastoparan
(@), 1 mM GDP-B-S (A), or without any addi-
tion (O). Values are expressed as percentages of
the maximum fusion obtained.

versed the inhibitory effect of GTP-y-S at
high cytosol concentrations (21). The
EC;,’s for benzalkonium chloride and meth-
ylbenzetonium were 20 pg/ml and 35 pg/
ml, respectively. Triton X-100 was inactive
at the same concentration, indicating that a
detergent effect was not responsible for the
inactivation (21). Moreover, as assessed by
electron microscopy, vesicles remained in-
tact in the presence of benzalkonium chlo-
ride (100 pg/ml). Both vesicle aggregation
and fusion were inhibited by this amine
@21).

The effect of GTP-y-S on endosome
fusion might be due to the activation of a
GTP-binding protein that is either part of
the fusion machinery or involved in the
regulation of the process. At high concen-

Fig. 3. Inhibition of GTP-y- A
S-stimulated fusion by puri- 12
fied GBvy subunits of G pro- 0
teins. Endocytic  vesicles 10

were resuspended in fusion
buffer containing a low con-
centration of cytosol (0.2
mg/ml). (A) The mixture
was incubated with increas-
ing concentrations of un-
treated (O) or heat-inacti-
vated (@) GPy subunits.
After 10 min at 37°C, 20
pM GTP-y-S was added, o

D
o O

Fusion (%)
'S
o

N
o
T T T T T T T

trations, mastoparan (Fig. 1B) not only
reversed the effect of GTP-y-S but also
inhibited fusion completely. Moreover,
mastoparan inhibited fusion in the absence
of GTP-y-S, suggesting that the activity of
a GTP-binding protein, perhaps trimeric,
is required for the fusion process (Fig. 2)
At higher cytosol concentrations (1.5 mg/
ml), mastoparan was less effective in inhib-
iting fusion, and higher concentrations of
the peptide (>50 uM) were required (21).

To further explore the possibility that
the activity of a GTP-binding protein is an
absolute requirement in the fusion process
we assessed the effect of guanosine 5’-O-
(2-thiodiphosphate (GDP-B-S). GDP-B-S
is a GDP analog that cannot be phospho-
rylated (23); it inactivates GTP-binding
proteins by holding these proteins in their
GDP-bound, inactive form. The inhibition
of fusion observed when GDP-B-S was
included in the reaction mixture (Fig. 2)
suggests that a GTP-binding protein is part
of the fusion machinery or is an obligatory
element for its assembly.

Activation of Ga subunits of G proteins
can be specifically blocked by the addition
of the By subunit complex (GBvy). To
confirm the participation of G proteins in
endosome fusion, we tested the effect of
GBy on fusion stimulated by GTP-y-S.
Vesicles were incubated with a low concen-
tration of cytosol for 10 min at 37°C in the
presence of increasing concentrations of
GBy before GTP-y-S was added. Purified
GBy from bovine brain inhibited fusion
stimulated by GTP-y-S. This inhibition
was abrogated by heat denaturation of
GBy (Fig. 3A). On the other hand, incu-

H D
o O
L} ¥ 1

1 1 1 1 1 1 1 1 1

and the mixture was incu-
bated for 45 min. (B) The
mixture was incubated for

0 200 400 600 800
G'37 subunits (nM)

0 200 400 600 800
G, subunits (nM)

10 min at 37°C with 20 pM GTP-y-S. Increasing concentrations of untreated (O) or heat inactivated
(®) GB subunits were then added, and incubation was continued for 45 min. Values are expressed as
percentages of the fusion obtained with the addition buffer alone. GBvy subunits were purified from
bovine brain as described (29). The purified proteins (2.5 mg/ml) were present in 50 mM tris-Cl (pH
8.0) containing 1 mM EDTA, 1 mM DTT, sodium cholate (1%), 50 mM NaCl and AlF, (6 mg MgCl,,
10 mM NaF, 20 uM AICl,). To eliminate the AlF,, EDTA was added to give a final concentration of
10 mM. Before adding GBvy subunits to the fusion reaction (1/10 volume), the stock solution was
diluted with homogenization buffer containing 1 mM EDTA and cholate (0.1%) to keep the proteins
in solution. The same buffer was used as a control; the detergent had a slightly inhibitory effect at the
concentrations used (0.01%). The purified GBy subunits were inactivated by boiling the samples 10
min. The fusion assay was done in silconized tubes to prevent absorption of GBvy to the tubes.
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bation of the vesicles and cytosol with GTP-
¥-S before the addition of GBy produced a
less marked effect (Fig. 3B), consistent with
the reduced interaction of GBy with Ga
subunits bound to GTP-y-S. Like masto-
paran, Gy partially inhibited fusion in the
absence of GTP-y-S (21).

The function of G proteins in signal
transduction has been well characterized.
However, recent studies implicate this class
of GTP-binding proteins in vesicular trans-
port. Goy_3 regulates transport of proteo-
glycans through the Golgi (24). Aluminum
fluoride, which activates G proteins (11),
blocks in vitro transport along the secre-
tory (12) and endocytic pathways (5, 13).
However, aluminum fluoride effects alone
are difficult to interpret because fluoride is
also known to inhibit many cellular phos-
phatases. Our observations that masto-
paran reverses both the activation of fusion
by GTP-y-S at low cytosol concentrations
and the inhibition of endosome fusion by
GTP-y-S at high cytosol concentrations
suggests that a G protein is indeed involved
in endosome fusion. Furthermore, our in
vitro assay was specifically inhibited by the
addition of GB+y subunits. Our data do not
allow us to decipher whether one or more
G proteins may be regulating fusion. The
effects of mastoparan and GBy may seem
paradoxical, because mastoparan is expect-
ed to increase nucleotide exchange of G
proteins whereas GPy has the opposite
effect. However, a speculative model.that
includes two G proteins can resolve this
paradox. In this model the activation of
one G protein by mastoparan induces the
dissociation of its GB+y subunit. The result-
ant increase in the concentration of free
GBy would favor binding of GBy to the
second (stimulatory) G protein and block
the function of that G protein. A similar
subunit exchange model has been proposed
to explain the roles of G; and G, in the
regulation of adenylyl cyclase (16). Factors
that participate in the vesicular transport
among Golgi stacks interact with mem-
branes by means of GTP-binding proteins.
The release of the coat protein B-COP by
brefeldin A is inhibited by GTP-y-S and
aluminum fluoride (25, 26). GTP-y-S in-
duces the binding of B-COP and ARF, a
small GTP-binding protein, to membranes,
and Gy also blocks these binding events
(26). These data indicate that factors relat-
ed to vesicular transport associate with
membranes by means of GTP-binding pro-
teins, some of which seem to be G pro-
teins. We have suggested that GTP-y-S
mediates the irreversible binding of factors
to endosomal membranes necessary for
priming before fusion (6). Because the
effect of mastoparan is competed by excess
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cytosol, it appears that one or more G
proteins may influence the binding of cyto-
solic factors to endosomal membranes.
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Chloroplast DNA Evidence on the Ancient
Evolutionary Split in Vascular Land Plants

LmnpA A. RAUBESON* AND ROBERT K. JANSENT

Two groups of extant plants, lycopsids and psilopsids, alternatively have been
suggested to be the living representatives of the earliest diverging lineage in vascular
plant evolution. The chloroplast DNA (cpDNA) gene order is known to contain an
inversion in bryophytes and tracheophytes relative to one another. Characterization
of tracheophyte cpDNAs shows that lycopsids share the gene order with bryophytes,
whereas all other vascular plants share the inverted gene order. The distribution of
this character provides strong support for the fundamental nature of the phyloge-
netic separation of lycopsids and marks the ancient evolutionary split in early

vascular land plants.

HYLOGENETIC RELATIONSHIPS
among the major extant lineages of
vascular land plants are poorly re-
solved. Most recent systematic treatments
consider each group a division and recog-
nize no hierarchical relationships between
these taxa (7). Explicit phylogenies have
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been produced by only a few workers
(2-5). When a basal lineage has been hy-
pothesized, it has varied between the psi-
lopsids and lycopsids. Psilopsids (6) have
been suggested as the earliest diverging
clade primarily by neontologists (2, 5).
These plants consist of dichotomizing aeri-
al axes arising from prostrate rhizomes and
appear similar, at least superficially, to
some of the earliest appearing fossil vascu-
lar plants. Psilopsids lack roots even in the
embryo, and the shoots bear emergences
that may not be homologous to leaves.
Alternatively, paleobotanists have suggest-
ed the basal placement of the lycopsids (7)
on the basis of the stratigraphic occurrence
of lycopsids in the fossil record and the
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