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Abstract

A near full-length cDNA clone (pZRP2) was isolated from a cDNA library constructed from maize root mRNAS.
The predicted polypeptide has a calculated molecular mass of 66 975 Da, is largely hydrophilic, and contains 26
repeats of a motif the consensus sequence of which is RKATTSY G[S][D/E][D/E][D/E][D/E][P]. The function of
the putative protein remains to be elucidated. The ZRP2 mRNA accumulates to the highest levels in young roots,
and is also present in mature roots and stems of maize. Further analysis of young roots indicates that the lowest
level of ZRP2 mRNA is near the root tip, with relatively high levels throughout the remainder of the root. In situ
hybridization reveals that ZRP2 mRNA accumulates predominantely in the cortical parenchyma cells of the root.
In vitro nuclear run-on transcription experimentsindicate a dramatically higher level of zrp2 gene transcription in
3-day old roots than in 5-day old leaves. A zrp2 genomic clone, which includes the transcribed region and 4.7 kb

of upstream sequence, was isolated and characterized.

Introduction

Root functionisintegrated with shoot function through
transport and storage of water and nutrients needed
for growth, as well as through translocation of signal-
ing molecules affecting growth and development. One
approach that has provided insight into the molecu-
lar basis of root development and function has been
the identification of mutants in root development [1,
33, 38, 39]. The genetic approach is a powerful
means to identify genes whose expression effects eas-
ily observed phenotypes, such as the production and
morphology of root hairs. Another approach that has
been employed to increase understanding of root devel -
opment and functionistheisolation of genesexpressed
in a root-specific or root-preferential manner [4, 7, 8,

Thenucleotide sequencedatareported will appearintheEMBL,
GenBank and DDBJ Nucleotide Seguence Databases under the
accession numbers U38790 (genomic) and U38791 (cDNA).

9, 11, 13, 20, 23, 29, 34, 35, 46, 49, 50, 51]. This
approach rests upon the assumption that expression of
agenein specific organsor tissuesrevea san important
role for that gene product in those organs or tissues.

Here we report on the isolation of a maize cDNA
clone whose corresponding mRNA accumulates to
high levels in both the roots and mature stems of the
maize plant. The deduced ZRP2 polypeptide is pre-
dominantly composed of an unusual repeated motif
and shares no extensive sequence similarity with any
known protein. The ZRP2 mRNA was transcribed at a
much higher rate in young roots than in young leaves.
A genomic clone was isolated that includes the entire
transcribed region of the zrp2 gene, as well as 4.7 kb
of the 5'-upstream region.
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Materials and methods
Growth of plants

Maize (Zea mays cv. NKH31, a gift from Northrup
King) plants were grown and organs or root segments
were harvested as previoudy described [20, 23]. Seed-
lingswere grown on germination paper for upto 9 days
to obtain young roots and leaves for analysis. More
mature maize organs were obtained from 3-week old
plants grown in soil under greenhouse conditions, and
from mature plants grown under field conditions.

Construction and screening of cDNA and genomic
libraries

TheZRP2 cDNA wasisolated fromamaizeroot cDNA
library constructed from poly(A)* isolated from 9-day
old maize roots, screened with 32P-labeled first strand
cDNAs derived from 9-day old maize shoot and maize
root poly(A)™ RNA samples[23].

Genomic DNA was isolated from maize leaves
as described by Saghai-Maroof et al. [37]. Southern
analysis was performed as described by Held et al.
[20]. For construction of a subgenomic library, gen-
omic DNA was digested to completion with BamHI
and fractionated on a 1% agarose gel. DNA fragments
(10-21 kb) were isolated by electro-elution, ligated
into LambdaDash || BamHI-digested arms, and pack-
agedinto Gigapack |1 Packaging Extracts (Stratagene).
The resulting subgenomic library, of about 100 000
plagues, was screened according to standard proced-
ures [18]. The probe for both Southern analysis and
screening of the subgenomic library was an EcoRl
fragment of pZRP2 containing the entire ZRP2 cDNA,
labeled with 32P-dCTP using the multiprime DNA
labeling System (Amersham) as specified by the man-
ufacturer.

RNA isolation, gel blot analysis, and in situ analysis

Total RNA was isolated from whole-plant organs
[15], or from 1 cm root segments as described
by Chomezynki and Sacchi [6]. Poly(U) Sephadex
columnswere used to purify poly(A)™ RNA fromtotal
RNA [30].

RNA gel blot analyseswere performed as described
in Cotton et al. [10]. RNA size standards were
from Gibco-BRL. The full-length ZRP2 cDNA in
pBluescript (SK) was digested with Hindl Il and tran-
scribed with T3 RNA polymerase (Promega) to pro-

duce a 3°P-labeled RNA probe used in RNA gel blot
analyses. In situ hybridizations were performed as
described in John et al. [23]. The antisense and sense
35S RNA probes used for the in situ analysis were
synthesized from pZRP2.22 [22]. Sense-strand RNA
probe was produced by linearizing pZRP2.22 with
EcoRI and transcribing with T3 RNA polymerase.
Antisense-strand RNA probe was generated by linear-
izing pZRP2.22 with HindllI and transcribing with T7
RNA polymerase.

DNA sequencing and analysis

The ZRP2 cDNA and genomic clones were sequenced
at the lowa State University Nucleic Acid Facil-
ity. Each strand of the DNA was sequenced at least
twice. DNA sequence and predicted protein data were
analyzed with the University of Wisconsin Genetics
Computer Group (UWGCG) package [12]. Hydro-
pathy analysis of the predicted ZRP2 polypeptide was
performed using the DNA Strider program [32] as
described [28].

Isolation of nuclei from shoots and roots

Maize seeds were germinated and grown under a12 h
light/dark cycle for 3 days (for roots) or 5 days (for
leaves). Roots were excised with arazor blade and cut
into pieces 5-10 mm long on anice-cooled glass plate.
The primary leaf was removed from the mesocotyl
node with a gentle and gradual pull. All reagents and
supplies were pre-cooled to 4 °C. Roots (4 g) were
immersedin ethyl ether for 4 min, and leaves (2 g) were
immersed in ethyl ether for 3 min. The ethyl ether was
poured off and 5 ml of extraction buffer (2.5% (w/v)
Ficoll 400, 4.0% (w/v) dextran T40, 250 mM sucrose,
25mM Tris-HCI pH 7.8, 10mM MgCl,) wasaddedtoa
mortar containing therootsor leaves[31]. Therootsor
leaves werethoroughly grounded with apestle, and the
homogenate was filtered through two layers of 149 um
and 60 um nylon mesh into a 30 ml Corex tube. The
mortar and filters were rinsed with a total of 10 ml
extraction buffer. To the filtrate was added 500 ul of
20% (v/v) Triton-X-100. After mixing by inversion,
tubes were centrifuged for 2 to 3 min at 2000 rpmin a
HB-4 rotor. The supernatant was drained off, and the
pellet wasresuspended in 10 ml wash buffer (extraction
buffer plus 0.1% (v/v) Triton-X-100) and centrifuged
again. The supernatant was decanted and the pellet
was resuspended in 300 ul extraction buffer, frozen in
liquid N and stored at —80 °C.



In vitro run-on transcription assays

The in vitro run-on transcription reaction included
48 pl of premix (325 uM ATP, CTR, GTPR, and 50 mM
NH2S0,), 12 pl (40 units/ul) RNASIN (Promega),
50 pl [32PJUTP (500 1Ci), and 290 pl of nuclei. The
reactionwas carried out for 30 min at 30 °C, with occa
sional mixing. The reaction mixture was centrifuged
to pellet the nuclei. The supernatant was removed and
the pellet resuspended in 30 pl sterile H,O. Five units
of DNase (Promega) were added and the mixture was
allowed to incubate for 10 min at room temperature.
Thevolumewas brought up to 370 | with elution buf-
fer 20mM Tris-HCI, 1 mM EDTA, 0.5% SDS, 5 ug/ml
yeast RNA). This mixture was extracted with phen-
ol/chloroform (1:1) two or threetimes and then passed
over a Bio-gel P60 column to separate in vitro tran-
scribed RNA from unincorporated nucleotides. The
amount of radioactivity incorporated into RNA was
determined with scintillation spectroscopy of 2 ul dli-
quots.

To estimate transcription levels, the in vitro tran-
scribed RNA was allowed to hybridize with unlabeled
DNA probes. The probes used were pZRP2.1 (a sub-
clone including nucleotide 1264 to the 3’ end of the
ZRP2 cDNA, Figure 1; [22]), and pGABO.7 (achloro-
phyll a/b-binding protein (cab) cDNA from maize;
[15]). One ug of each plasmid was digested with
Pstl (pGABO.7) or Kpnl (pZRP2.1) to excise the
cDNA insert, electrophoresed on a 1% agarose gel,
and blotted onto a nylon (GeneScreen) membrane.
The membrane was placed in prehybridization buffer
(0.55M NaCl, 40 mM NaxPO4 pH 6.8, 2% (w/v) SDS,
100 pg/ml denatured salmon sperm DNA, 100 pg/ml
poly(A), 4 mM EDTA, 1% (w/v) BSA, 33% deion-
ized formamide, 5x Denhardt’s solution) for 4 h at
4245 °C. Hybridizations were performed with equiv-
alent amountsof |eaf and root in vitro transcribed RNA
(20 million cpm) in a hybridization buffer that was the
same as the prehybridization buffer, but without SDS
or BSA. Hybridizations were for 40 h at 42-45 °C.
Blots were washed in 2x SSC, 0.1% SDS two times
at room temperature for 5 min, and then in 0.1x SSC,
0.1% SDS two times at 65 °C for 30 min each, and
exposed to X-ray film for 20-60 h.
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Figure 1. Hydropathy profile of the amino acid sequence predicted
from the pZRP2 cDNA clone. A computer-generated hydropathy
profile (window of 11 consecutive amino acids) of the predicted
ZRP2 protein was plotted against the amino acid number using the
DNA Strider program [32]. Hydrophobic regions have a positive
sign, while hydrophilic regions have a negative sign.

Results

ZRP2 mRNA sequence and predicted ZRP2 amino
acid sequence

ZRP2 was one of three root-preferential cODNA clones
isolated by differential screening of a cDNA library
constructed from poly(A)™ RNA isolated from 9-day
old maize roots [23]. The nucleotide sequence of the
ZRP2 cDNA clone is available in the GenBank data-
base. The largest open reading frame within the ZRP2
MRNA begins with an AUG initiation codon at nuc-
lectide 63 and ends with a UAA stop codon at nuc-
leotide 1865. The ZRP2 mRNA contains a putative
polyadenylation signal sequence [24, 48] 43 nucle-
otides upstream of the poly(A) tail. The predicted
ZRP2 protein consists of 600 amino acids with a cal-
culated molecular mass of 66 975 Da. The ZRP2
protein contains a high percentage of serine (11%)
and arginine (10%) residues. A BLAST search of
the GenBank database revealed no significant amino
acid sequence similarity between ZRP2 and previ-
oudly reported sequences. A hydropathy plot for the
predicted ZRP2 protein sequence indicates that much
of the putative ZRP2 polypeptide is hydrophilic (Fig-
ure 1). Two short hydrophobic amino acid stretches
are present, one at the amino terminus and the other
between amino acids 470 and 480 (Figure 1).

The predicted ZRP2 protein can be divided into
three domains based on characteristics of the primary
seguence: a putative signal peptide at the amino ter-
minus, a domain containing a highly repeated motif,
and a basic domain at the carboxy-terminus. The
amino terminal hydrophobic region has characterist-
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ics of a signal peptide sequence specifying transport
acrossthe endoplasmicreticulum. The predicted cleav-
age site would be between amino acids Ala-24 and
His-25 [45]. The amino terminal region (residues 1
to 5) of the ZRP2 polypeptide deviates from many
[3], but not all [44], signa peptides in that it lacks
a positively charged amino acid near the terminal
methionine. The domain between Asp-55 and Ser-
440 contains an amino acid motif repeated 26 times.
The consensus sequence of this motif iss RKATT-
SYG[S|[D/E][D/E][D/E][D/E][P], with those amino
acids not in brackets being most highly conserved.
The consensus motif thus consists of: [basic], [hydro-
phobic] [polar]4 [hydrophobic] [polar] [acidic]4 [pro-
line]. Two putative glycosylation sites[26] are present
at positions276 and 375. The 143 amino acid domain at
the carboxy terminusis highly basic; 37% of theamino
acidsin this domain are either histidine or arginine.

Isolation and analysis of the zrp2 genomic clone

Genomic Southern blot analysis using Hindl 1, EcoRI
and BamHI indicated that zrp2 is a low- to single-
copy gene (Figure 2A). BamHI endonuclease diges-
tion produced a single band of ca. 20 kb. A maize
subgenomiclibrary, enriched for BamHI-digested frag-
ments ranging from ca. 10 to 20 kb in size, was con-
structed and screened with a *?P-labeled ZRP2 cDNA
probe. A single hybridizing clone (designated Z2B)
wasisolated. Partial sequencing of this genomic clone
revea ed a perfect match to the 5'-untranslated and the
3'-untranslated region of the ZRP2 cDNA sequence.
Restriction mapping of the genomic clone revealed
an insert of about 14 kb that contains two internal
Sall restriction sites, which divide the zrp2 genomic
clone into fragments of 4.5 kb, 8.0 kb, and 1.3 kb
(Figure 2B). The 8.0 kb fragment hybridized to the
5 end of the ZRP2 cDNA and the 1.3 kb fragment
hybridized to the 3' end of the ZRP2 cDNA (data not
shown). DNA sequencing of the 3’ end of the 1.3 kb
zrp2 fragment verified that it wasidentical to the ZRP2
cDNA. Partial sequencing of the zrp2 genomic clone
reveal ed that the 4.5 kb Sall fragment was upstream of
the 8.0 kb fragment, and that the 5 end of the ZRP2
cDNA clonewas very near the 5’ end of the 8.0 kb Sall
fragment [19]. The ZRP2 transcribed region appears
to span ca. 8 kb of genomic sequence, of which about
6 kb represent intron sequences. The 5’-most intron
(& Figure 2B) was determined to be 90 nucleotidesin
length, whilethe 3'-most intron (c) was 760 nuclectides
in length (data not shown). The length of the other
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Figure 2. Characterization of the zrp2 gene. A. Genomic South-
ern blot analysis of the zrp2 gene. Maize tota DNA from leaves
(ca. 10 pg) was digested with Hindlll (H), EcoRI (E), or BamHI
(B), fractionated by agarose gel electrophoresis, transferred onto a
nylon membrane, and hybridized with the 32P-labeled cDNA insert
of pZRP2. EcoRI/Hindlll-digested A DNA fragments were used as
size standards. B. Partia restriction enzyme map of the zrp2 gen-
omic clone and structure of the zrp2 gene. The BamHI (B), and
Sall (S) restriction sites are displayed. The positions of the putative
transcription start site (+1), the translation start and stop codons
(ATG and TAA, respectively), and the polyadenylation site (pA) are
indicated. The arrows (a, b, and ¢) indicate the positions of known
introns.

intron (b) was greater than 1.3 kb. The position and
size of other introns that might be present within the
zrp2 geneis currently unknown.

About 2.6 kb of the 4.7 kb upstream region of the
zrp2 gene was sequenced [19, 43] . A putative TATA
box is present 22 bp upstream of the mapped transcrip-
tion start site [19]. The CATC box, which is located
near position —90 in some promoters of genes from
various grain species [27], is not present in the zrp2
promoter. Comparison of the zrp2 genomic sequence
to sequences in the GenBank database revealed 72%
identity over a stretch of 159 bp (from —365 to —208
of zrp2) with the first intron from an a-tubulin gene
from maize [36]. Thisregion contains 77% A+T, and
includesa 36 bp stretch of continuousA+T. Beginning
at position —113 is a tandem repeat of the sequence
ACGT.
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Figure 3. Analyses of ZRP2 mRNA accumulation in the root and
other maize organs. RNA was fractionated by electrophoresis in a
3% formaldehyde/1% agarose gel. After electrophoresis the RNA
samples were transferred to a nylon membrane and hybridized with
32p-|abeled antisense RNA probe. A. Total RNA (10 pg) was isol-
ated from roots of 3-week old greenhouse grown plants (lane 1),
and from other organs that were harvested from field-grown plants
at pollination: root (lane 2), stem (lane 3), leaf (lane 4), ear at pol-
lination (lane 5), ear 10 days after pollination (lane 6), silk (lane 7),
tassel (lane 8). B. Total RNA (10 ug, lanes 1 and 2; 5 pg, lanes 3
and 4) isolated from 3-day old roots (lane 1), 5-day old leaves (lane
2), 3-week old roots (lane 3), and leaves (lane 4), or poly(A)t RNA
samples (0.5 ug) from 9-day old roots (lane 5), light-grown 9-day
old shoots (lane 6), and etiolated 9-day old shoots (lane 7). C. Tota
RNA (5 ) isolated from the root tip (lane 1), 1-2 cm (lane 2),
2-3 cm (lane 3), 34 cm (lane 4), 4-5 cm (lane 5), 5-6 cm (lane 6),
67 cm (lane 7), and 7-9 cm (lane 8) of 4-day old seedlings.

ZRP2 mRNA accumulation

ZRP2 mRNA accumulation was analyzed in the organs
of 3-week old greenhouse-grown and mature, field-
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Figure4. Loading controlsfor RNA blot analyses. L anedesignations
are the same as for Figure 3 except that M in panel B corresponds to
the RNA molecular weight markers.

grown, maize plants (Figure 3A). A prominent band
of ca. 2.4 kb (the expected size of the ZRP2 mRNA)
was evident. Most of the total RNA samples contain-
ing ZRP2 mRNA aso had a distribution of smaller
ZRP2 RNA fragments (Figure 3A, lanes 1-3). These
smaller fragmentswere also evident in poly(A)™ RNA
samples (Figure 3B, lane 5). Such fragments could be
produced in vitro during RNA isolation, or could bein
vivo degradation products of the ZRP2 RNA as have
been described for other plant mMRNAs[21, 40]. When
the same RNA samples were used to analyze other
MRNAS (ZRP3 and ZRP4) extensive amounts of smal-
ler fragments were not evident [20, 23]. ZRP2 mRNA
was most abundant in total RNA isolated from the root
systems of 3-week old greenhouse grown plants (Fig-
ure 3A, lane 1). The ZRP2 mRNA was also present
in total RNA from prop roots and stems of mature
field-grown plants (Figure 3A, lanes 2 and 3). Other
organs of mature maize plantslacked detectablelevels
of ZRP2 mRNA (Figure 3A, lanes 4-8). The signific-
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ance of the faint band (ca. 1 kb) in tassel RNA (Fig-
ure 3A, lane 8) isunclear. This band was not detected
when %P-labeled ZRP2 DNA was used as the hybrid-
ization probe [19].

Comparison of ZRP2 mRNA accumulationin roots
and |leaves at different devel opmental stages confirmed
that ZRP2 mRNA accumulates preferentialy in the
roots, but is not root-specific even in younger maize
plants (Figure 3B). ZRP2 mRNA was quite abundant
inrootsof 3-day old and 3-week oldlight-grown plants,
but was not detectableintotal RNA from leavesof these
plants (Figure 3B, lanes 1-4). However, poly(A)*
RNA isolated from shoots of 9-day old light-grown
maize (consisting almost entirely of leaves) did have
low levels of ZRP2 mRNA (Figure 3B, lane 6). The
abundance of ZRP2 mRNA in shoots appears to be
environmentally influenced. ZRP2 mRNA abundance
was several-fold greater in shoots of dark-grown 9-
day old maize than in shoots of 9-day old light-grown
maize (Figure 3B, lanes 6 and 7).

Thelongitudinal distribution of ZRP2 mRNA accu-
mulation in roots of 4-day old maize seedlings was
investigated (Figure 3C). Roots were dissected into
1 cm segments, and total RNA isolated from each of
these segmentswas subjected to RNA gel blot analysis.
Lane 1 (Figure 3C) correspondsto the first centimeter
of theroot, which includestheroot cap and apical mer-
istem. The other lanes (2—8) correspond to successive
1 cm segments. ZRP2 mRNA accumulation was low-
est at the root tip, increased in the second centimeter,
was highest at the third and fourth centimeters, and
remained at ahigh level throughout therest of the 4-day
old root. Loading controls for the RNA blot analyses
presented in Figure 3 are provided in Figure 4.

In situ hybridization of root cross-sections taken
ca. 4 cm behind the root tip reveal ed that ZRP2 mRNA
accumulated in the cortex parenchyma cells of the
maize root (Figure5). Little or no ZRP2 mRNA accu-
mulated in epidermal and vascular tissues. The paren-
chyma cells of the pith also lacked detectable ZRP2
MRNA.

Analysis of ZRP2 transcription

Invitro nuclear run-on assayswere performed toinvest-
igate zrp2 transcription in roots and leaves of maize
(Figure 6). Nuclei isolated from roots of 3-day old
maize actively transcribed the zrp2 gene. In contrast,
zrp2 transcription could not be detected in the nuclei
isolated from leaves of 5-day old maize. As a control,
transcription of the cab geneswas analyzed in both the

roots and leaves. Primary |eaves were harvested with-
in 4—6 h of the onset of light to ensure maximal cab
transcription[42]. Asreportedin previousstudies[42],
a high level of transcription for cab was observed in
nuclei isolated from the leaf, but not in nuclei isolated
from the root.

Discussion

The ZRP2 mRNA accumulates to high levels in both
the root and stem of mature maize plants. In the root,
accumulation is maximal in the region 3 to 4 cm
from the root tip. However, excluding the root apex,
ZRP2 mRNA accumulates to relatively high levels
throughout the length of the 4-day old maize root.
ZRP2 mRNA accumulatesto the highest levelsin roots
of seedlingsand young plants, but isalso present at rel-
atively high levelsin prop roots and stems of mature
plants. In situ hybridization indicates that the cortex is
the predominant site of accumulation in young roots.

The putative signal peptide in ZRP2 indicates that
the ZRP2 protein may be transported into, or across,
the endoplasmicreticulum, and may befurther targeted
to other locations within the cell. As the major site of
accumulation of the ZRP2 mRNA istheroot cortex, it
is likely that the ZRP2 protein is localized and func-
tions primarily in this region. The accumulation of
ZRP2 mRNA in the stem of mature plants indicates
that the ZRP2 protein functions in stems as well. It
seems likely that the ZRP2 mRNA will be localized
in the parenchyma cells composing the ground tissue
of the stem, analogous to its location in the cortical
parenchymacells of the root.

At present we do not know thefunction of theZRP2
polypeptide. The majority of the protein is composed
of variations of a motif which has not been previoudy
described, and which bears no sequence similarity to
the protein products of any previously isolated genes.
Indeed, the presence of such a high number of repeats
isunusual in proteins. The group 3 lea proteins, which
accumulate in embryos just prior to desiccation, and
in some instances accumulate in adult plants under
desiccation and other stresses, also have high num-
bers of repeated sequences[14, 16]. Mammalian ribo-
some receptor proteins contain a repeated motif that
is thought to play a role in the binding of the ER
and the ribosome [47]. Ice nucleation proteins have
a series of complex repeated regions that may func-
tion to orient water crystals as well as interact with
the membrane [25]. Extracellular extensins, which are
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Figure5. Localization of ZRP2 mRNA in transverse sections of the maize root using in situ hybridization. Root cross-sections were made ca.
4 cm behind the root tip and hybridized either to antisense-strand ZRP2 RNA probe (left panel) or sense-strand ZRP2 RNA probe (right panel).
Labels: e, epidermis; x, exodermis; c, cortex; E, endodermis; P, pericycle; M, metaxylem. The bar equals 150 pm.

ROOT ETHIDIUM LEAF
ZRP2 Cab ZRP2 Cab ZRP2 Cab
mm%

e

1 2 3 4 5 6

Figure6. Transcription of the zrp2 genein nuclei of maize roots and
leaves. 32P-labeled in vitro transcribed RNAs from 3-day old root
nuclei (lanes 1 and 2) and 5-day old leaf nuclei (lanes 5 and 6) were
hybridized to subclones of cab (lanes 2 and 6) and ZRP2 (lanes 1
and 5). An ethidium bromide-stained gel of the ZRP2 (lane 3) and
cab (lane 4) subclones prior to transfer to the nylon membranes is
shown in the middle panel. Both the cDNA insert and plasmid vector
bands are visible.

thought to have a strutural role in the plant cell wall,
have a highly repeated hydroxyproline-rich motif [2,
5]. Extensins are thought to interact with metals, ions,
or other proteins. The repeated motifs of these previ-
oudly described proteins are completely distinct both
from each other and from that of ZRP2. However,

they al have in common that they are implicated as
having structural rather than enzymatic roles. Non-
covalent interactions with ions or other molecules is
a common theme among these proteins. Plant storage
proteins (e.g., zeins) also contain repeated amino acid
sequences [41]. Conceivably, ZRP2 could function in
root cortical cells as a previously undescribed type of
storage protein.

Preliminary analysis of the 5'-upstream region has
reveal ed some sequencefeaturesthat may play arolein
regulating transcription of the zrp2 gene. Beginning at
position —113isatandemrepeat of ACGT. The ACGT
seguence is the core of cis-acting DNA sequence ele-
ments that have been identified in many plant genes
regulated by diverse environmental and physiological
cues [17]. The ACGT core has been suggested to be
necessary for maximal transcriptional activation and
interacts with DNA-binding factors classified as bZIP
proteins. A second sequence feature is an A+T-rich
region between —365 and —208 of the zrp2 gene. This
region has 72% identity to the first intron of an a-
tubulin genethat isexpressed preferentialy intheroots
of maize [36]. It may be that this region contains an
enhancer-likeelement that activatestranscriptioninthe
root. DNA gel-shift assays have revealed root proteins
capable of binding the zrp2 DNA in this region [43].

The in vitro run-on transcription results, combined
with the high level of ZRP2 mRNA detected in the
root, indicate that the zrp2 promoter may be suit-
able for directing a high level of transcription in the
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roots of transgenic maize plants. Preliminary transi-
ent expression studies have revealed that the 4.7 kb
zrp2 upstream region does function as a promoter in
maize roots [19]. Experiments involving maize plants
stably transformed with zrp2-promoter/reporter gene
constructs are on-going.

Acknowledgements

This work was supported in part by a grant from
Northrup King and Sandoz Crop Protection. Support
wasalso provided by the lowa State University Depart-
ment of Botany, the lowa State University Office of
Biotechnol ogy, the I nterdepartmental Plant Physiology
Major, and by the MART project of the Pakistan Agri-
cultural Research Council/United States Agency for
International Development. Additional support was
provided by NRICGP grant 95-37304-2296. We thank
Dr H.T. Horner for helpful discussions on microscopy
and Dr M. Leefor assistancein the production of field-
grown maize. Microscopy was conducted at the lowa
State University Bessey Microscopy Facility. DNA
sequencing was carried out by the lowa State Uni-
versity DNA facility.

References

1. Aeschbacher RA, Schiefelbein JW, Benfey PN: The genet-
ic and molecular basis of root development. Annu Rev Plant
Physiol Plant Mol Biol 45: 25-45 (1994).

2. Ahn JH, Choi Y, Kwon YM, Kim S-G, Choi YD, Lee JS:
A novel extensin gene encoding a hydroxyproline-rich gly-
coprotein requires sucrose for its wound-inducible expression
in transgenic plants. Plant Cell 8: 1477-1490 (1996).

3. Bennett AB, Osteryoung KW: Protein transport and targeting
within the endomembrane system of plants. In: Grierson D
(ed) Plant Biotechnology, Vol 1: Plant Genetic Engineering,
pp. 199-237. Edinburgh Blackie (1990).

4. Bogusz D, Llewellyn DJ, Craig S, Dennis ES, Appleby CA,
Peacock WJ: Nonlegume hemoglobin genes retain organ-
specific expression in heterologous transgenic plants. Plant
Cell 2: 633-641 (1990).

5. Chen J, Varner JE: An extracellular matrix protein in plants:
characterization of agenomic clone for carrot extensin. EMBO
J4: 2145-2151 (1985)

6. Chomczynski P, Sacchi N: Single-step method of RNA isol-
ation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 162: 156-159 (1987).

7. Claes B, Dekeyser R, Villarroel R, Van den Bulcke M, Bauw
G, Van Montagu M: Characterization of arice gene showing
organ-specific expression in response to salt stressand drought.
Plant Cell 2: 19-27 (1990).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

27.

Collazo P, Montoliu L, Puigdomenech P, Rigau J: Structure
and expression of the lignin O-methyltransferase gene from
Zeamays L. Plant Mol Biol 20: 857-867 (1992).

Conkling MA, Cheng C-L, Yamamoto YT, Goodman HM:
Isolation of transcriptionally regulated root-specific genesfrom
tobacco. Plant Physiol 93: 1203-1211 (1990).

Cotton JL S, Ross CW, Byrne DH, Colbert JT: Down-regulation
of phytochrome mRNA abundance by red light and benzylad-
enine in etiolated cucumber cotyledons. Plant Mol Biol 14:
707-714 (1990).

de Pater BS, Schilperoort RS: Structure and expression of a
root-specific genein rice. Plant Mol Biol 18: 161-164 (1992).
Devereux J, Haeberli P, Smithies O: A comprehensive set of
sequence analysis programs for the VAX. Nucl Acids Res 12:
387-395 (1984).

Dietrich RA, Radke SE, Harada JJ Downstream DNA
sequences are required to activate a gene expressed in the
root cortex of embryos and seedlings. Plant Cell 4: 1371-1382
(1992).

Dure L IIl, Crouch M, Harada JJ, Ho T-H D, Mundy J, Quat-
rano RR, Thomas T, Sung ZR: Common amino acid sequence
domains among the LEA proteins of higher plants. Plant Mol
Biol 12: 475-486 (1989).

Edwards CL, Colbert JT: Regulation of phytochrome mRNA
abundance in green oat leaves. Plant Cell Environ 13: 813-819
(1990).

Espelund M, Sadbea-Larssen S, Hughs DW, Galau GA, Larsen
F, Jakobsen KS: L ate embryogenesis-abundant genes encoding
proteins with different numbers of hydrophilic repeats are reg-
ulated differentially by abscisic acid and osmotic stress. Plant
J2: 241-252 (1992).

Foster R, IzawvaT, ChuaN: Plant bZI P proteins gather at ACGT
elements. FASEB J 8: 192—-200 (1994).

Gasser CS, Budelier KA, Smith AG, Shah DM, Fraley RT:
Isolation of tissue-specific cDNAs from tomato pistils. Plant
Cell 1: 15-24 (1989).

Held BM: Root-preferential mRNA accumulation in Zeamays.
Dissertation, lowa State University, Ames, |A (1993).

Held BM, Wang H, John I, Wurtele ES, Colbert JT: An
mRNA putatively coding for an O-methyltransferase accumu-
lates preferentially in maize roots and islocated predominantly
intheregion of the endodermis. Plant Physiol 102: 10011008
(1993).

Higgs DC, Colbert JT: Oat phytochrome A mRNA degradation
appears to occur viatwo distinct pathways. Plant Cell 6: 1007—
1019 (1994).

John I: Isolation and characterization of two root-preferential
cDNA clones from Zea mays. Dissertation, Colorado State
University, Fort Collins, CO (1991).

John I, Wang H, Held BM, Wurtele ES, Colbert JT: An mRNA
that specifically accumulates in maize roots delineates a novel
subset of developing cortical cells. Plant Mol Biol 20: 821-831
(1992).

Joshi CP: An inspection of the domain between putative TATA
box and trandlation start sitein 79 plant genes. Nucl Acids Res
15: 66436652 (1987).

Kajava AV, Lindow SE: A model of the three-dimensional
structure of ice nucleation proteins. JMol Biol 232: 709-717
(1993).

Kornfeld R, Kornfeld S: Assembly of asparagine-linked oli-
gosaccharides. Annu Rev Biochem 54: 631-664 (1985).
Kreis M, Williamson MS, Forde J, Schmutz D, Clark J, Bux-
ton B, Pywell J, Marris C, Hendersen J, Harris N, Shewry
PR, Forde BG, Miflin BJ: Differential gene expression in the



28.

29.

30.

31

32.

33.

35.

36.

37.

38.

developing barley endosperm. Phil Trans R Soc Lond B 314:
355-365 (1986).

KyteJ, DoalittleRF: A simplemethod for displaying thehydro-
pathic character of a protein. J Mol Biol Biol 157: 105-132
(1982).

Lerner DR, Raikhel NV: Cloning and characterization of root-
specific barley lectin. Plant Physiol 91: 124-129 (1990).
Lissemore JL, Colbert JT, Quail PH: Cloning of cDNA for
phytochromefrom etiol ated Cucur bita and coordinate photore-
gulation of the abundance of two distinct phytochrome tran-
scripts. Plant Mol Biol 8: 485-496 (1987).

Lissemore JL, Quail PH: Rapid transcriptiona regulation by
phytochrome of the genes for phytochrome and chlorophyll
a/b-binding protein in Avena sativa. Mol Cell Biol: 8: 4840—
4850 (1988).

Marck C: ‘DNA Strider: aC' program for the fast analysis of
DNA and protein sequences on the Apple Macintosh family of
computers. Nucl Acids Res 16: 1829-1836 (1988).

Masucci JD, Schiefelbein JW: Hormones act downstream of
TTGand GL2 to promoteroot hair outgrowth during epidermis
development in the Arabidopsis root. Plant Cell 8: 1505-1517
(1996).

McLean BG, Eubanks S, Meagher RB: Tissue-specific expres-
sion of divergent actins in soybean root. Plant Cell 2: 335-344
(1990).

Michalowski CB, Bohnert H: Nucleotide sequence of a root-
specific transcript encoding a germin-like protein from the
halophyte Mesembryanthemum crystallinum. Plant Physiol
100: 537-538 (1992).

Montoliu L, Rigau J, Puigdoménech: A tandem of a-tubulin
genes preferentially expressed in radicular tissues from Zea
mays. Plant Mol Biol 14: 1-15 (1989).

Saghai-Maroof MA, Soliman KM, Jorgensen RA, Alard
RW: Ribosomal DNA spacer-length polymorphismsin barley:
Mendelian inheritance, chromosomal location, and population
dynamics. Proc Natl Acad Sci USA 81: 8014-8018 (1984).
Scheres B, Di Laurenzio L, Willemsen V, Hauser M-T, Jan-
maat K, Weisbeek P, Benfey PN: Mutations affecting the
radial organisation of the Arabidopsis root display specific
defects throughout the embryonic axis. Development 121: 53—
62 (1995).

39.

41.

42.

45.

47.

49.

50.

51.

375

Schiefelbein JW, Benfey PN: The development of plants roots:
new approaches to underground problems. Plant Cell 3: 1147—
1154 (1991).

Seeley KA, Byrne DH, Colbert JT: Red light-independent
instability of oat phytochrome mRNA in vivo. Plant Cell 4:
29-38(1992).

Shotwell MA, Larkins BA: The Biochemistry and molecular
biology of seed storage proteins. In: Stumpf PK, Conn EE (eds)
The Biochemistry of Plants pp. 297-345. Publisher (1989).
Taylor WC: Transcriptional regulation by a circadian rhythm.
Plant Cell 1: 259-264 (1989).

Tirimanne TS: Protein-binding sequences that may regulate
organ-preferential transcription of zrp2, a Zea mays root-
preferential gene. Dissertation, lowa State University, Ames,
1A (1995).

Von Heljne G: Signal sequences: the limits of variation. JMol
Biol 184: 99-105 (1985).

Von Heijne G: A new method for predicting signal sequence
cleavage sites. Nucl Acids Res 14: 4683-4690 (1986).

Wang H, Colbert JT, Wurtele ES: Accumulation of the ZRP3
mRNA in the root and coleorhiza of germinating maize (Zea
mays, Poaceae). Am J Bot 82: 1083-1088 (1995).

Wanker EE, Sun 'Y, Savitz, AJ, Meyer DI: Functional charac-
terization of the 180-kD ribosome receptor in vivo. J Cell Biol
130: 29-39 (1995).

Wickens M: How the messenger got itstail: addition of poly(A)
in the nucleus. Trends Biochem Sci 15: 277-281 (1990).
Yamamoto YT, Taylor CG, Acedo GN, Cheng C, Conkling
MA: Characterization of cis-acting sequences regulation root-
specific gene expression in tobacco. Plant Cell 3: 371-382
(1991).

Yong X, Buchholz WG, DeRose RT, Hall TC: Characterization
of arice genefamily encoding root-specific proteins. Plant Mol
Biol 27: 237-248 (1995).

Zaal EJ, Droog FNJ, Boot CIM, Hensgens LAM, Hoge JHC,
Schilperoort RA, Libbenga KR: Promoters of auxin-induced
genes from tobacco can lead to auxin-inducible and root tip-
specific expression. Plant Mol Biol 16: 983-998 (1991).



