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An Intrinsic Tonoplast Protein of Protein Storage
Vacuoles in Seeds Is Structurally Related to a Bacterial
Solute Transporter (GlpF)
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The tonoplast mediates the transport of various ions and metabolites between the vacuole and cytosol by
mechanisms that remain to be elucidated at the molecular level. The primary structure of only one tonoplast protein,
the H*-ATPase, has been reported to date. Here we report the primary structure of tonoplast intrinsic protein (TIP),
a 27-kilodalton intrinsic membrane protein that occurs widely in the tonoplasts of the protein storage vacuoles
(protein bodies) of seeds [Johnson, K.D., et al. (1989). Plant Physiol. 91, 1006-1013]. Hydropathy plots and secondary
structure analysis of the polypeptide predict six membrane-spanning domains connected by short loops and
hydrophilic, cytoplasmically oriented N- and C-terminal regions. TIP displays significant homology with several other
membrane proteins from diverse sources: major intrinsic polypeptide from bovine lens fiber plasma membrane;
NOD 26, a peribacteroid membrane protein in the nitrogen-fixing root nodules of soybean; and interestingly, GIpF,
the glycerol facilitator transport protein in the cytoplasmic membrane of Escherichia coli. Based on the homology
between TIP and GIpF and the knowledge that the protein storage vacuolar membrane and the peribacteroid
membrane are active in solute transport, we propose that TIP transports small metabolites between the storage

vacuoles and cytoplasm of seed storage tissues.

INTRODUCTION

The most conspicuous of plant organelles, the vacuole, is
a multifunctional, polymorphic compartment. During differ-
entiation of the parenchyma cell, many small vacuoles fuse
into a single, large, central vacuole that serves as a res-
ervoir for cytoplasmic homeostasis and contributes to
osmotic maintenance of cell turgor. With its complement
of acid hydrolases and its acidic pH, the vacuole also
functions as the lysosomal compartment of the cell. The
sequestration of ions and metabolites in vacuoles has an
important dynamic dimension, as illustrated by dramatic
seasonal changes in vacuolar protein contents of vegeta-
tive storage tissues, diurnal fluctuations of organic acids
in mesophyll vacuoles of Crassulacean acid metabolism
plants, and the rapid changes occurring in guard cells
during stomatal movement. This dynamic aspect of vacu-
olar compartmentation implies that the tonoplast, the vac-
uole-delimiting membrane, is actively engaged in the trans-
port of ions and metabolites. Indeed, isolated vacuoles
have been shown to possess transport systems for a
variety of substances (reviewed in Boller and Wiemken,
1986). With the exception of the H*-ATPase (Nelson and
Taiz, 1989), however, we have very few of the molecular
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details of the proteins that carry out the transport functions
of the tonoplast (Barbier-Brygoo et al., 1986).

In the storage tissues of developing seeds, the vacuolar
system becomes specialized for the storage of proteins
and other metabolites. Soon after the central vacuole
begins to accumulate reserve protein, it gradually breaks
up into thousands of smaller, densely filled bodies called
protein storage vacuoles (PSV) or protein bodies. These
PSVs store not only storage proteins and plant defense
proteins (e.g., lectins and enzyme inhibitors), but also
minerals (in the form of phytin) and metabolites such as
sucrose and other oligosaccharides (Muller and Jacks,
1983; Plant and Moore, 1983).

As part of our goal toward understanding the molecular
basis of vacuolar compartmentation and storage in seeds,
we have become interested in the molecular mechanisms
of metabolite transport across the tonoplast of the PSV. It
seems probable that vacuolar import of metabolites and
ions occurs during PSV ontogeny, and events following
seed germination must trigger a massive export of metab-
olites, especially amino acids, sugars, and the products of
phytin digestion from the storage vacuoles. With this in
mind, we (Johnson et al., 1989) recently purified and
characterized the most abundant intrinsic membrane pro-
tein of the PSV in bean cotyledons (Pusztai et al., 1979;
Maeder and Chrispeels, 1984). With a specific antiserum,
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we demonstrated that this protein (previously called TP25,
but now designated TIP) is seed specific and highly con-
served among seed plants—TIP analogs were found in
the seeds of all monocots and dicots tested. In this paper
we report the sequence of a full-length TIP cDNA as well
as the partial sequence of a closely related cDNA, both
obtained from the common bean Phaseolus vulgaris.
Analysis of the deduced amino acid sequence reveals that
TIP is a hydrophobic polypeptide with six putative mem-
brane-spanning domains. TIP bears a striking resemblance
to several other intrinsic' membrane proteins from diverse
sources, including the major intrinsic protein (MIP) from
bovine lens fiber plasma membrane, a plant-encoded per-
ibacteroid membrane protein (NOD 26) in soybean root
nodules, and the glycerol facilitator (GIpF) located in the
cytoplasmic membrane of Escherichia coli. These homol-
ogies together with TIP’s specific pattern of expression in
seeds lead us to suggest that TIP is a channel-type trans-
port protein in the tonoplast of protein storage vacuoles.

RESULTS

Nucleotide and Deduced Amino Acid Sequence of
cDNAs Encoding TIP

Previous work from our laboratory has shown that TIP in
the common bean (P. vulgaris cv Greensleeves) is ex-
pressed during the mid-maturation stage of seed devel-
opment {Johnson et al., 1989). Thus, we prepared a cDNA
expression library in Agt11 using poly(A)* RNA from mid-
mature bean cotyledons and screened the library with
antiserum against TIP. Twelve antibody-positive clones
were isolated but none had full-length inserts. The longest
of these, denoted ATP1, was sequenced. Analysis of the
sequence data revealed a truncated 307-bp open reading
frame and a 257-bp 3’-noncoding region followed by the
polyA tail. The partial deduced amino acid sequence (120
residues) showed agreement with the amino acid compo-
sition of TIP (Pusztai et al., 1979), and a hydropathy plot
(Kyte and Doolittle, 1982) revealed two membrane-span-
ning, hydrophobic domains expected for this intrinsic mem-
brane protein (data not shown).

By using bean seed poly(A)" RNA and oligonucleotides
complementary to sequences in the middle of the open
reading frame of ATP1, we employed the RACE (rapid
amplification of cDNA ends) procedure of Frohman et al.
(1988) to synthesize and amplify cONA toward the 5’ end.
The RACE cDNA products were cloned into pUC 19, and
two recombinants with inserts that hybridized differentially
to ATP1 were selected and sequenced. The sequencing
data revealed two different but related cDNA molecules
(designated rTPa and rTPG). The nucleotide and deduced
amino acid sequences of the « and § (partial) TIP cDNAs
are shown in Figure 1. The fulllength  cDNA sequence

is the combination of «TP1 (3’ end) and rTPa (5’ end)
sequences, which overlap by 125 bp.

The oTIP cDNA consists of 1208 bp upstream of the
polyA tail, which includes a 183-bp 5’ leader sequence,
followed by 768 bp of open reading frame encoding 256
amino acids, and, finally, a 257-bp 3’-noncoding region.
The calculated molecular mass of the derived polypeptide
is 27,092 D, which compares favorably to the estimated
M, of 25 kD for TIP on SDS-PAGE (Johnson et al., 1989).
The polyA addition site lies 23 bp downstream from the
AATAAA polyadenylation signal. The designated transla-
tion start site is the first ATG encountered downstream
from the 5’ end. To confirm that the o«TIP cDNA encodes
the vacuolar membrane protein described earlier (Johnson
et al., 1989), we purified the protein, subjected it to trypsin
digestion followed by peptide separation on HPLC, and
determined the amino acid sequence of one of the tryptic
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Figure 1. The cDNA and Deduced Amino Acid Sequences of
aTIP (Complete) and 8TIP (Partial).

The numbering refers to the nucleotide sequence of «TIP. The
putative polyadenylation signal is underlined. The polyA tract is
not shown.
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Figure 2. SDS-PAGE Fluorogram of TIP from Isolated Micro-
somes and in Vitro Translation Products.

353-methionine-labeled polypeptides from bean cotyledon micro-
somes before (lane 1) or after (lane 2) immunoprecipitation with
TIP antiserum. Lane 3, In vitro translation products after immu-
noprecipitation; lane 4, molecular weight standards. Arrowhead
indicates position of TIP.

fragments. The sequence obtained—TDEATHPDSMR—
was also found near the N terminus (residues 11 to 21;
see Figure 1) of the deduced amino acid sequence. Finally,
the derived sequence corresponded closely with amino
acid composition data on the purified protein (Pusztai et
al., 1979).

The rTPg clone yielded a truncated cDNA sequence for
BTIP. It was colinear with the aTIP sequence and displayed
75% sequence identity at the amino acid level. Most of the
differences represent conservative amino acid replace-
ments, but the divergence suggests that the « and g
cDNAs represent different genes. In this regard, DNA gel
blot analysis showed that several of the Agt11 cDNAs
hybridized weakly to labeled ATP1 (K.D. Johnson and M.J.
Chrispeels, unpublished data). The nucleotide sequences
of these cDNAs all showed homology to ATP1 in their
truncated open reading frames, but the 3’-noncoding re-
gions were entirely different. This lends support to the idea
that at least two related TIP genes are expressed in
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developing bean seeds. As the primer-extended 3 cDNA
sequence did not overlap with the cDNA sequences found
in this second class of Agt11 clones, we do not know
whether they represent the same TIP (3) gene.

Structural Characteristics

Earlier work from our laboratory showed that TIP is syn-
thesized on the rough endoplasmic reticulum (Maeder and
Chrispeels, 1984). A comparison of the mobilities on SDS-
PAGE gels of TIP immunoselected from in vivo labeled and
in vitro translated polypeptides indicated that they have
similar M, values as shown in Figure 2. Because TIP is not
a glycoprotein (Pusztai et al., 1979; Maeder and Chris-
peels, 1984), the similar M, values indicate the absence
of a cleaved signal peptide. This conclusion is also sup-
ported by the fact that the deduced sequence of the N-
terminal 21 amino acids does not contain a hydrophobic
domain typical of cleaved endoplasmic reticulum signal
peptides; rather, it is quite hydrophilic. Furthermore, most
cleavable signal sequences range between 13 and 30
residues in length (Verner and Schatz, 1988); because
mature, vacuolar TIP contains the tryptic peptide corre-
sponding to residues 11 to 21 in the derived amino acid
sequence, it is unlikely that any cleavage event at the N
terminus takes place.

The most striking structural characteristic of the TIP
polypeptide can be seen in the hydropathy plot in Figure
3. There are six hydrophobic domains of sufficient length
and hydrophobicity to span a lipid bilayer. Analyses of the
amino acid sequence with secondary structure algorithms
(Chou and Fasman, 1974; Garnier et al., 1978) predicted
that all the putative transmembrane domains are predom-
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Figure 3. Hydropathy Plot of aTIP.

The computer-generated plot was carried out using a moving
window of 9 residues (Kyte and Doolittle, 1982).
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Vacuole

Figure 4. Topological Model of aTIP.

The bars (A to F) represent putative transmembrane domains and
the numbers (1 to 5) indicate consecutive extramembrane loops.
Charged amino acid positions are indicated for the extramem-
brane regions only. Domains A, C, and F each have single glutamic
acid residues as the only charged residues in the membrane-
spanning segments.

inated by either helix or sheet configurations. Based on
these data and homologies with other known polytopic
membrane proteins (see below), we believe that the topol-
ogy of TIP in the vacuolar membrane can be represented
by the model shown in Figure 4. Each transmembrane
domain consists of 19 to 24 residues and together ac-
counts for half of the total amino acids. The connecting
loops between the membrane-spanning segments are rej-
atively short, hydrophilic stretches; all have either charged
amino acids, histidines, or helix-breakers at both ends.
The secondary structure algorithms indicate a high prob-
ability of random coil and turns in these loops and in the
N- and C-terminal domains. Most (8 of 11) of the positive-
charged amino acids are on the cytoplasmic side of the
membrane in accordance with the “positive-inside” rule
that holds for most polytopic membrane proteins (von
Heijne and Gavel, 1988). Although these theoretical con-
siderations are consistent with the membrane orientation
model shown, other interpretations are possible. More-
over, there is no direct evidence for this model at the
present time.

Homologous Proteins

A search of the PIR protein data base and sequences
reported in the literature yielded three proteins whose
deduced amino acid sequences show considerable ho-
mology to TIP: the E. coli GlpF (Muramatsu and Mizuno,
1989); MIP in the junctional membranes of bovine lens
fiber cells (Gorin et al., 1984); and nodulin-26 (NOD 26), a
peribacteroid membrane protein in soybean nodules (San-
dal and Marcker, 1988). The sequence homologies among
GipF, NOD 26, and MIP were reported recently by Baker
and Saier (1990). Figure 5 shows the amino acid sequence
alignment for TIP and GIpF, which indicates 32% sequence
identity over a 213-residue span. The regions of greatest
sequence homology appear in the transmembrane do-
mains of TIP (underlined in Figure 5) and especially in two
of TIP’s putative extramembrane loops (loops 2 and 5 in
Figure 4). Interestingly, MIP and NOD 26 also share a high
ievel of sequence identity with TIP and GIpF in these two
extramembrane regions. These highly homologous seg-
ments are shown for all four proteins in Figure 6, in which
the identities relative to GlpF are emphasized. The poten-
tial significance of these highly conserved loop domains is
heightened by the fact that they exhibit significant internal

TIP MATRRYSFGRTD 12

glpF MSQTSTLKGOQCIAEFLGTGLLIFFGVGCVARAL 32

TIP EATHPDSMRASLAEFASTFIFVFAGEGSGLAL 44

glpF KVAGAS FPGQWEISVIWGLGVAMAIYLTAG 61

TIP VKIYQDSAFSAGEL LALALAHAFALFAAVSA 75

glpF VSGAHLNPAVTI ALWLFACFDEKRKVIPF 89

TIP MHVSGGHVNPAVTFGALIGGRISVIR AVYY 106

glpF I VSQVAGAFCAAALVYGLYYNLFFDFEQTHHI 121

TIP WIAQLLGSI VAALVLRLVTNN 127

glpF VRGSVESVDLAGTFSTYPNPHINFVQAFAVEM 153
TIP MRPSGFHUVS PGVGVGHMFILEV 149
glpf VITAILMGLILALTVDGNGVPRGPLAPLLIGL 185

TIP VMTFGLMYTVYGTAIDPKRGAVSYIAPLAIGL 181

glpF LIAVIGASMGPLTGFAMNPARDFGPKVFAWLA 217
TIP IVGANILVGGPFDGACMNPALAFGPSLVGWQW 213
glpF GWGNVAFTGGRDIPYFLVPLFGPIVGAIVGAF 249
TIP HQHWIFWVG PLLGAARALAALVYEY 236

glpF AYRKLIGRHLPCDICVVEEKETTTPSEQEKASTL* 281

TIP AVIPIEPPPHHHQPLATEDY?®* 256

Figure 5. Sequence Comparison of TIP and GIpF.

Double and single dots correspond to identities and conservative
replacements, respectively; underlined amino acids indicate the
six putative membrane-spanning domains of TIP, as shown in
Figure 4.



P AV T I Al103

P AV T[F|A| 74

P AV TIT|F G 91

P AV TIA Al
NODZ6G]GPVTGASMNP}\RSLGP216
MIp 6 MY Y| 6|la c{M N P A R[s|F|alP|191
TIP ¢i{c p|F p|Gg|Aa c|M N p AL A|F G P| 206
glpF M|c P|L|T G|F A|M N P A R|D(F G P| 210

Figure 6. Sequence Comparisons of Two Highly Conserved Do-
mains in NOD 26, MiP, TIP, and GIpF.

The boxed residues indicate identities with GIpF amino acids. In
reference to TIP structure (see Figure 4), the upper panel domain
derives from cytoplasmic loop 2; the lower panel domain is found
in vacuolar loop 5.

similarity to one another. The two 16-residue spans begin-
ning at positions 81 and 196 (see Figure 1) of TIP contain
7 identical residues and 5 conservative replacements.

The level of amino acid sequence identity between MIP
and NOD 26 is 35% (Sandal and Marcker, 1988). The
sequence alignments for TIP, MIP, and NOD 26 are illus-
trated in Figure 7 and indicate that TIP shares 35% to
36% sequence identity with both MIP and NOD 26.

DISCUSSION

The tonoplast plays an important role in the metabolic
compartmentation of the plant cell. In seeds, metabolite
fluxes across the tonoplast, the limiting membrane of the
protein storage vacuole (protein body), occur both during
seed development and during seedling growth. Our inter-
est in understanding vacuolar compartmentation in seeds
and the molecular mechanisms of metabolite flux across
the tonoplast led us to characterize TIP, an abundant,
seed-specific, and highly conserved intrinsic protein of the
protein storage vacuole. The hydropathy plot of the de-
duced amino acid sequence indicates that TIP is a 27-kD
protein with six membrane-spanning domains. Most re-
markable is the sequence homology between TIP and
three other intrinsic membrane proteins: GlpF, MIP, and
NOD 26. Do these proteins have a common evolutionary
origin and a common function?

Structure of TIP and Orientation in the Tonoplast

A model of the orientation of TIP in the tonoplast is shown
in Figure 4, with cytosolic N and C termini. The model is
based in part on TIP’'s sequence homology with MIP and
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the extensive topographical studies carried out on MIP
(Paul and Goodenough, 1983; Gorin et al., 1984). Like MIP
(Gorin et al., 1984), TIP apparently lacks a cleaved signal
peptide. Insertion into the endoplasmic reticulum mem-
brane is presumably specified by the first transmembrane
domain. The transmembrane segments of multispanning
proteins have been proposed to function alternatively as
signals for membrane insertion (signal-anchor sequences)
and stop-transfer (Blobel, 1980; Friedlander and Blobel,
1985), but only the most N-terminal signal-anchor se-
guence interacts with the signal-recognition particle (Ra-
poport, 1985; Wessels and Spiess, 1988). Thus, the ori-
entation of the first transmembrane domain dictates the
transmembrane topology of the entire multispanning poly-
peptide (i.e., a multispanning protein with a cytosol-facing
N terminus and six transmembrane segments would have
its C terminus oriented toward the cytosol as well, as
depicted in Figure 4 for TIP). But what determines the
orientation of the first signal-anchor sequence? A recent
analysis of many eukaryotic multispanning proteins syn-
thesized on the rough endoplasmic reticulum indicates that
the charge difference between the domains flanking the
first internal signal-anchor sequence determines the trans-
membrane topology of these proteins, with the more pos-
itive flank oriented toward the cytosol (Hartmann et al.,
1989). When the length of each flanking sequence was
set at 15 residues, greater than 90% of the analyzed
proteins with reasonably well-established membrane to-
pologies fit this rule. A significant exception was bovine
lens fiber MIP, significant because TIP also does not fit the
rule when the 15-residue flank criterion is applied. If,
however, the entire N-terminal flanking region (21 amino
acids) of the first transmembrane domain is considered,
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Figure 7. Sequence Comparison of NOD 26, MIP, and TIP.

The boxed residues indicate sequence identities. The alignment
of NOD 26 to MIP is taken from Sandal and Marcker (1988).
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the charge difference rule does predict a cytosolic orien-
tation of the N terminus of TIP and, thus, a topology
consistent with the model shown in Figure 4. Recent
evidence shows that intervening domains not embedded
in the membrane may also modulate the topology of a
multispanning protein (Lipp et al., 1989). lt is interesting in
this respect that the domains with the greatest sequence
identity between TIP, MIP, NOD 26, and GIpF are two
external loops, one on each side of the membrane.
Whether these or other loops contain topological informa-
tion remains to be determined. Confirmation that the model
presented in Figure 4 depicts the correct orientation of TIP
must await topographical studies with TIP itself.

We have emphasized the structural similarities between
TIP and three other proteins (MIP, NOD 26, and GIpF),
whose sequences have been published. Preliminary re-
ports in the literature indicate the existence of two other
genes in this gene family. These are the so-called big brain
protein in Drosophila (Rao et al., 1989) and the B7 cDNA
from tobacco roots (Yamamoto et al., 1989). Thus, this
group of homologous proteins has representatives in the
bacteria, plants, insects, and vertebrates, suggesting that
these proteins play some fundamental role in the cell. Our
immunological studies (Johnson et al., 1989) point to a
wide distribution of TIP among seed plants, indicating a
protein of fundamental importance to the function of seeds.

TIP Is a Putative Metabolite Transporter in the
Tonoplast

Of all these structurally related proteins, only the function
of GIpF is known. This cytoplasmic membrane protein of
E. coli is responsible for the channel-type transport of
glycerol and other small molecules (Heller et al., 1980). On
the basis of the observed sequence homologies, it is
tempting to speculate that they all function as small me-
tabolite channels. MIP is a junctional membrane protein
that when added to preformed lipid films induces voltage-
dependent channels (Zampighi et al., 1985). NOD 26 is a
major component of the peribacteroid membrane, the ton-
oplast-like barrier that separates the bacteroids from the
host cell's cytoplasm in the root nodules of soybeans. This
membrane is the site of metabolite transport in both direc-
tions: transport of photosynthetic products from the cyto-
plasm to the bacteroids and transport of amino acids and/
or other compounds containing reduced nitrogen from the
bacteroids to the cytoplasm. On the basis of their se-
guence homologies with GlpF, NOD 26 and TIP may be
involved in metabolite transport in their respective mem-
branes. TIP’s location in the tonoplast of seed reserve
tissues makes it a candidate for metabolite transport into
the vacuole during seed development and/or mobilization
of metabolites (in part, the products of macromolecule
digestion) during seedling growth.

Does TIP Function after Germination?

Seed development is characterized by the active accu-
mulation of proteins and metabolites such as phytin in the
protein storage vacuoles. These stored molecules are
hydrolyzed early during seedling growth and the resulting
small molecules are exported to the growing axis. In live
storage tissues, this hydrolysis depends on the synthesis
of hydrolytic enzymes, such as protease (Chrispeels et al.,
1976) and phytase (Walker, 1974), and their transport to
the vacuoles. Hydrolysis occurs within the vacuoles
(Baumgartner et al., 1978; Nishimura and Beevers, 1979)
and the hydrolysis products are presumed to be trans-
ported out of the vacuoles at that time. In seeds having
storage tissues that are dead at seed maturity, such as
the cereal endosperm, hydrolytic enzymes are synthesized
and secreted by adjoining viable tissues (the aleurone or
the scutellum). Hydrolysis and export of metabolites do
not occur in such a controlled fashion because the cellular
membranes have broken down. It may be significant in
this regard that TIP is found in all seed tissues that are
alive at seed maturity (axis, cotyledons, endosperm of
dicots, aleurone cells), but not in tissues that iose viability
during seed maturation (starchy endosperm of cereals)
(Johnson et al., 1989). On the basis of that distribution,
we suggest that TIP functions during germination and
seedling growth rather than during seed development.

TIP Homologs in Other Tissues

Tobacco roots express a protein that is homologous to
MIP and NOD 26 (Yamamoto et al., 1989) and, therefore,
presumably to TIP as well. Using specific antiserum di-
rected against TIP, we found TIP to be seed specific
(Johnson et al., 1989). However, by screening an Arabi-
dopsis thaliana genomic library with the bean TIP « cDNA,
we have found three genes homologous to TIP, one of
which is expressed in the vegetative organs of this plant
(yTIP) (H. Héfte, K.D. Johnson, and M.J. Chrispeels, un-
published observation). This ¥ TIP gene may be similar to
the one described for tobacco roots and may represent a
metabolite transporter in vegetative cells. We will make
specific antibodies to yTIP and determine its subcellular
location.

METHODS

Construction and Screening of the cDNA Library

Poly(A)* RNA was isolated from mid-maturation (20 days to 25
days after flowering) bean cotyledons as described (Prescott and
Martin, 1987) and used to construct a cDNA library in Agti1
according to the manufacturer’s instructions (Amersham). The



library was screened with a polycional antiserum raised against
purified TIP (Johnson et al., 1989). Of 2 x 10° recombinants
screened, 12 positive clones were isolated, six of which had
inserts ranging in length from 400 bp to 580 bp. The longest of
these (ATP1) was sequenced.

Extension and Amplification of the 5’ cDNA End

The RACE procedure of Frohman et al. (1988) was used with
modification to synthesize and amplify TIP cDNA containing the
5’ end. First-strand cDNA was generated using bean cotyledon
poly(A)" RNA, Moloney murine leukemia virus reverse transcrip-
tase (Promega Biotec), and a 20-mer oligonucleotide primer com-
plementary to an internal sequence in ATP1. This strand was
polyadenylated using terminal nucleotidyl transferase (Bethesda
Research Laboratories). Second-strand synthesis was carried out
with Taq DNA polymerase (Bethesda Research Laboratories) and
a primer containing an oligo(dT) stretch linked to a 19-base
adapter with overlapping EcoRlI, Xhol, and Sall sites. The double-
stranded cDNA was then amplified over 35 polymerase chain
reaction cycles using the 19-base adapter as the 5’ primer and,
at the 3’ end, a 21-mer oligonucleotide complementary to a known
sequence just downstream from an Sphi site and upstream from
the first-strand-synthesis primer site. The amplified cDNA ap-
peared as a diffuse band (500 bp to 800 bp) on agarose gels and
hybridized specifically to labeled ATP1. This cDNA was cut with
EcoRl and Sphl and cloned into pUC 19.

DNA Sequence Analysis

DNA inserts from antibody-selected Agt11 clones were inserted
at the EcoRl site of pUC 19 according to standard procedures
{Maniatis et al., 1982). These and the RACE clones were char-
acterized by restriction enzyme analysis, and suitable length re-
striction fragments were subcloned into pUC 19 for sequencing.
DNA sequence analysis was carried out by the dideoxy chain
termination method on double-stranded DNA with Sequenase
(United States Biochemical) according to the manufacturer’s sug-
gestions. In all cases both strands were sequenced.

In Vivo Labeling and Microsome Preparation

Mid-mature bean cotyledons were labeled for 4 hr with %S-
methionine (10 uCi/cotyledon; Amersham) as described (Spencer
et al., 1980). The cotyledons were rinsed and then homogenized
in 0.1 M Tris-HC! (pH 7.8)/1 mM EDTA/12% (w/w) sucrose. The
homogenate was centrifuged at 1000g for 10 min to remove cell
walls and debris, and the supernatant was layered over a 16%/
54% (w/w) discontinuous sucrose gradient and centrifuged for 2
hr at 100,000g. The microsomal membrane fraction at the 16%/
54% sucrose interface was collected.

RNA Extraction, in Vitro Translation, Inmunoprecipitation,
and Electrophoresis

Total RNA from mid-mature bean cotyledons was extracted ac-
cording to Prescott and Martin (1987). Poly(A)* RNA was purified
using Hybond-mAP affinity paper (Amersham) according to the
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manufacturer’s suggestions and translated in a rabbit reticulocyte
lysate system (Jackson and Hunt, 1982) in the presence of **S-
methionine.

TIP from in vivo labeled microsomes and in vitro translation
products was immunoprecipitated with TIP antiserum after dis-
solving the membranes with detergent as described (Faye and
Chrispeels, 1987). The total and immunoprecipitated products
were analyzed by SDS-PAGE and fluorography (Bonner and
Laskey, 1974).

Trypsin Digestion, Tryptic Peptide Separation, and Amino
Acid Sequencing

TIP protein from the detergent-rich phase of Triton X-114-ex-
tracted protein body membranes from bean cotyledons (Johnson
et al., 1989) was purified by SDS-PAGE, electroeluted into 1%
SDS, and precipitated at —20°C in 90% acetone. After washing
twice with 90% acetone and vacuum drying, the protein pellet
(500 mg) was resuspended in 1 mL of 50 mM ammonium carbon-
ate and heated at 100°C for 3 min. After cooling to room temper-
ature, 50 mg of trypsin treated with tosylphenytalanyl chloromethyl
ketone (Sigma) was added and the mixture was incubated for 2
hr at 37°C. Another 50 mg of trypsin was added followed by
another 2 hr of incubation. The tryptic peptides were separated
by reverse-phase HPLC and one of these peptides was se-
quenced by Edman degradation on an automated amino acid
sequencer as described (Sturm et al., 1987).
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