observations to be true, we see no reason to
doubt the statements of these excellent
“ethologists.”
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Structure of Recombinant Human Renin, a Target for
Cardiovascular-Active Drugs, at 2.5 A Resolution

AnrtA R. S1ELECKI, KOoTO HAYARKAWA, MASAO FunNaGA,* MICHAEL E. P. MURPHY,
MARIE FRASER, ALASTAIR K. MUIR, CYNTHIA T. CARILLI,
JoHN A. LEwICKI, JoHN D. BAXTER, MICHAEL N. G. JAMES

The x-ray crystal structure of recombinant human renin has been determined.
Molecular dynamics techniques that included crystallographic data as a restraint were
used to improve an initial model based on porcine pepsinogen. The present agreement
factor for data from 8.0 to 2.5 angstroms (A) is 0.236. Some of the surface loops are
poorly determined, and these disordered regions border a 30 A wide solvent channel.
Comparison of renin with other aspartyl proteinases shows that, although the
structural cores and active sites are highly conserved, surface residues, some of which
are critical for specificity, vary greatly (up to 10 A). Knowledge of the actual structure,
as opposed to the use of models based on related enzymes, should facilitate the design

of renin inhibitors.

ENIN (E.C. 3.4.23.15) 1s A HIGHLY

specific aspartyl proteinase with

only one known substrate, angio-
tensinogen. In humans, a decapeptide, angi-
otensin I, is released from angiotensinogen
by the catalytic hydrolysis of the Leu'’-
Val'! bond. Angiotensin I is processed by the
angiotensin-converting enzyme (ACE) to
angiotensin II, a potent vasoconstrictor in-
volved in regulating blood pressure and
fluid balance. However, presently available
therapeutic agents for reducing blood pres-
sure target ACE (1) and not renin.

Because only very small quantities of kid-
ney renin have been available, much of the
biochemical characterization of renin has
been done on the mouse submaxillary gland
enzyme. Mouse renin has been protein- (2)
and cDNA-sequenced (3), and crystals of it
have been reported by several groups (4, 5).
In the five crystal forms of mouse renin
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obtained, the corresponding asymmetric
units contain multiple copies of the mole-
cules (5), which complicates the crystallo-
graphic problem enormously. No further
progress in this analysis has been reported.

The primary structure of the human en-
zyme has been deduced solely from cDNA
(6) and gene sequences (7). We converted
secreted human prorenin (8) from transfect-
ed Chinese hamster ovary cells (8, 9) to
active renin by cleavage with immobilized
trypsin. The purified recombinant human
(rh) renin (10) was treated with endoglyco-
sidase F to remove attached carbohydrates
without affecting the specific activity of the
final product (11).

Sample homogeneity from batch to batch
was difficult to regulate. Most preparations
exhibited three to five bands on isoelectric
focusing gels. From ~1500 different crytal-
lization trials, the optimal conditions were 5

to 6% polyethylene glycol 600 buffered with
50 mM NaH,PO,-K,;HPO, to pH 4.7. The
resulting crystals exhibited tetragonal sym-
metry, space group I4, with unit-cell dimen-
sions, a = b= 1335 A, c=41.7 A, with
one renin molecule per asymmetric unit,
Vm = 2.53 A3 per dalton.

Intensity data were collected on a twin
multiwire detector system (12). A total of
60,512 measurements (13,343 unique data)
were measured from a single renin crystal.
The overall symmetry agreement factor
[= Z(I; — (D))/3(I), where I are the net inten-
sities] was 0.09. The structure was solved by
the molecular replacement method (13).
Several renin models based on the known
structures of three fungal aspartic protein-
ases have been built (74). The more exten-
sive homology among mammalian species
led us to construct a search model for renin
based on the molecular structure of porcine
pepsinogen (15, 16). The correlation coeffi-
cient between observed and calculated struc-
ture factors based on the oriented and trans-
lated model was 0.39 (9.5 o above the mean)
for the data in the 6 to 4 A resolution shell.
The corresponding R factor [= Z||F,| — |Fe|l/
S|F,|, where |F,| and |F. are observed
and calculated structure factor amplitudes)
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was 0.48 (0.55 for all data to 2.5 A resolu-
tion).

An electron density map with calculated
phases and coefficients designed to minimize
model bias (17) was computed at this stage,
and showed that the molecular replacement
had provided a correct solution but that
extensive modifications to the search model

were needed to trace the polypeptide chain
for some regions (Fig. 1A). The relatively
small radius of convergence of standard
refinement procedures (18) prompted us to
use the method of Briinger et al. (19) of
performing molecular dynamics (MD) sim-
ulations with the crystallographic data as an
extra energy term. Details of the implemen-

Fig. 1. (A) Electron density distribution and initial model in the region of the NH,-terminal strand,
Thr” to Tyr's, as seen in the first map computed with the phases deduced from the molecular

replacement solution (contour level = 0.3

eA?). (B) Same region and orientation as in (A) but with

the current electron density and the superimposed refined model. Tyr® OH moved by 11.5 A during the
refinement process. Comparison of (A) and (B) shows that model bias has little influence on these
electron density maps. Residues are denoted by the one-letter code (36).

Fig. 2. The Ca-atom representation of the rh-renin molecule (numbering derived from our alignment
with pepsin). The side-chain atoms of Asp®?, Asp*'S, and Asn®’ (Asn’ in renin numbering) with an
attached carbohydrate moiety (GLCN) are indicated with filled circles. There is no electron density
associated with the first four of the six residues preceding Thrl (T1), the residue aligned to the NH,-
terminus of pepsin. The COOH-terminus of the molecule is labeled R327.
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tation of this refinement method within the
GROMOS MD program package (20) are
described elsewhere (21). The MD simula-
tions were carried out at 300 K with bond
lengths restrained with the SHAKE algo-
rithm (22); 0.002-ps time steps were used.
Each sequence of MD simulations was pre-
ceded and followed by 50 to 100 steps of
steepest descent energy minimization (EM)
that also included the crystallographic terms
(21). Following each such set, conventional
restrained parameters least-squares refine-
ment (18) was carried out until stereochemi-
cal parameters had values comparable to those
found in accurate small molecule determina-
tions. During these conventional refinement
cycles, individual temperature factors were
refined with tight restraints. The refined mod-
els and associated electron density maps were
examined and manually updated at intermedi-
ate stages in an MMS-X graphics system (23)
with the program M3 (24).

A total of 350 steps of EM and 12 ps of
MD simulations with crystallographic re-
straints (21) were performed on the initial
model based on the molecular replacement
solution. The present crystallographic R fac-
tor is 0.236 for 12,769 data, 8 to 2.5 A
resolution, with |F,l > 0.5 o(F,) [o(F,) as
the estimated error in the measurement of
the observed structure-factor amplitudes.
Only 15 possible solvent sites with full
occupancy were included in the last few
cycles of conventional least-squares refine-
ment. The current structure has good
stereochemistry [root-mean-square (rms)
deviations from bond distances, 0.016 A;
from “angle” distances, 0.044 A; from pla-
narity, 0.006 A; and from planarity of pep-
tide bonds, 1.9°; coordinates will be submit-
ted to Brookhaven Data Bank].

The MD refinement had its most striking
effect on the residues that constitute some of
the loops on the periphery of rh-renin. Such
loops can exhibit conformational variability
among homologous proteins due, in part, to
differences in molecular packing. Alterna-
tively, they suffer from various forms of
disorder in the crystalline arrays (25). Some
loop regions moved up to 9 to 10 A in
going from the initial model to the present
refined structure. For example, in the loop
near the NH,-terminus, residues Thr’ to
Tyr" [the numbering throughout is based
on our alignment of the human renin se-
quence with that of porcine pepsin (26)],
the Ca atoms of residues Tyr®, Met'®, Asp!!,
and Thr'? moved an average of 2.9 A,
whereas some of the side-chain atoms
moved 9 to 11 A (Fig. 1). The lack of
interpretable electron density in the initial
map of this loop dramatically improved after
the restrained MD and least-squares refine-
ment. However, several regions were not
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improved by either the automated refine-
ment or the manual intervention, and at this
point have no significant associated electron
density in all calculated maps. These regions
involve ~10% of the structure and are locat-
ed predominantly on the outmost portion of
loops of polypeptide on the surface of the
molecule.

Renin folds in a predominantly B-sheet
conformation characteristic of the aspartic
proteinase family [see (27) and Fig. 2]. The
substrate binding cleft and active site are at
the junction of two structurally similar do-
mains of approximately equal size (28). The
catalytic residues, Asp>? and Asp?"® (38 and

226 in the human renin numbering), are
located centrally in the cleft (Fig. 2) with the
carboxyl side chains and surrounding main-
chain scaffolding related by an approximate
interdomain twofold axis (27, 29, 30). The
two carboxyl groups interact intimately in a
symmetric fashion with the surrounding res-
idues (Fig. 3). Two equivalent ty?c I B turns
(Asp-Thr-Gly-X, where X = Ser® and Ala?'®
in renin) are stabilized by hydrogen bonds
characteristic of Asx turns from each Gly
NH to the corresponding Asp O81, in
addition to the 3,9 hydrogen bonds from X
NH to Asp O.

Residues that are likely involved in bind-

Fig. 3. Stereoview of the active site region of renin with its associated electron density at the present
refinement state (R = 0.236) (contour level = 0.35 eA~3). The approximate molecular dyad relating
the NH,- and COOH-terminal domains runs between the two central strands supporting Asp®? and

Asp*"®. See Fig. 4B.

Fig. 4. (A) Global superposition (Table 2) of the four enzymes penicillopep-
sin (blue), rhizopuspepsin (green), pepsinogen (yellow), and rh-renin (red).
The region shown is a six-stranded B sheet viewed from the hydrophobic
interior; only the main-chain atoms are represented. Labels are for various
residues on the strands of penicillopepsin (30). (B) Same global superposi-
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ing the human angiotensinogen substrate
from P4 Pro to P53’ His (Table 1) are similar
to those deduced from previous renin mod-
els (14, 27). As in the fungal aspartic pro-
teinases (30-32) and thus in the renin mod-
cls based on them (14, 27), the subsites are
rather spacious and open (Fig. 2). Substrate
binding residues that originate from the
central strands of renin have similar confor-
mations to those of the fungal enzymes (Fig.
3). However, residues of the “flap” (Leu’'
to Ser®"), the region from Pro'!! to Phe!!’,
and the loops of the COOH-terminal do-
main (Ile?® to Cys? and Phe?”’ to Ala®"")
adopt conformations very different from
those of homologous segments in the fungal
enzymes, making structure prediction diffi-
cult.

We compared the rh-renin structure with
the highly refined structures of three fungal
proteinases (30-32) and porcine pepsinogen
(15) by overlapping the Ca atoms of the
molecules with a least-squares fitting (Table
2). As expected (14), renin is closest in
structure to pepsinogen and furthest from
endothia pepsin. The three fungal protein-
ases are more closely related among them-
selves than to the mammalian enzymes.
Also, those enzyme pairs with the most
similar tertiary structures have the most
closely related amino acid sequences (Table
2).

The regions of highest structural similar-
ity are associated with a relatively “rigid”
predominantly hydrophobic enzyme core, as
shown in Fig. 4A, for the large six-stranded

tion of the four enzymes color coded as in (A) showing the region of the two
U strands that support the catalytic residues Asp®> and Asp®'? in penicillopep-
sin. The structures agree more closely if the superpositions are done
maximizing the overlap of 22 active site residues (see text).

SCIENCE, VOL. 243



antiparallel B sheet located opposite the
active site cleft. The interdomain dyad
passes between the central two strands [i
and q in the nomenclature in (30)]. Only at
the periphery of the sheet do the strands
depart from one another to accommodate
differences in the sequences. Structural simi-
larity of the core is also evident in the
vicinity of the active site (Fig. 4B). Two
highly conserved strands in renin (Val* to
Ser®® and Leu?® to Ala?'®) and the residues
that flank them (Val'? to Gly'?* and Ala*"
to Thr’%), a total of 105 main-chain atoms,
were used to compare the active sites of rh-
renin and the fungal enzymes. The rms
differences are ~0.45 A, whereas the active
site structures of the fungal enzymes agree
more closely, with rms differences of ~0.24
A for the same 22 residues.

The regions in renin that differ from the
other enzymes provide its specificity, but are
difficult to model accurately. However, such
regions may be critical for designing inhibi-
tors of the enzyme. Major differences in the
aspartic proteinases are seen in the loops of
the molecular periphery. In particular, the
loops that border the entrance to the active
site substrate binding cleft display differ-
ences in position of up to 8 to 10 A (Fig. 5).
Some of these conformational differences
can be explained by insertions or deletions
in the sequences, others by unshared struc-
tural features. For example, the disulfide
bridge at Cys®- Cys®!® and the preceding
bulge in the rh-renin and pepsinogen proba-
bly shift the position of the a helix at 224 to
235 relative to its position in penicillopep-
sin.

Other more subtle differences are found
in the core of renin. The relatively high pH
optimum of renin [5.5 to 7.5, compared
with 2.0 to 4.0 for other aspartyl proteinases
(33)] may be due to Ala** (317 in renin)
replacing Asp** in all other family members
(14, 34). However, a site-specific mutation

Table 1. Residues (36) lining the substrate bind-
ing sites in human renin. The numbering is derived
from our sequence alignment with pepsin.

Angiotensinogen
substrate

Renin enzyme

P, Pro S4: T12, S219, Y220

of Ala** in rh-renin to Asp** downshifts
the pH profile by only 0.5 units (35). The
carboxyl group of Asp*™ in the fungal en-
zymes is partially buried, most likely proton-
ated, and forms a hydrogen bond with
Thr?'® O. In rh-renin, the analogous hydro-

gen bond to Thr*'® O comes from Tyr'>
OH (Fig. 6), a residue substituted by a
hydrophobic amino acid in the other en-
zymes. Although this hydrogen-bonding
pattern could be preserved, a mutation of
Ala* to an Asp would disrupt the surround-

Fig. 5. Conformational variability
in the surface loops that line the
entrance to the substrate binding
clefts of four aspartic proteinases.
Color coding and enzyme identifi-
cation are given in the figure. The
“flap” (residues 72 to 84) is shown
in the top right; helix 222 to 232
(penicillopepsin numbers) is at the
top left of the figure. Some of the
residues in these loops in renin are
poorly ordered (see Fig. 8).

Fig. 6. Stercoscopic view of the environment of Ala** (317 in the renin numbering) in rh-renin. Four
residues along the short internal helix lies Arg>®®, a basic residue in all aspartic proteinases. The
guanidinium group of Arg®® forms an ion pair with Asp''. Lys*® in penicillopepsin forms an
analogous hydrogen-bonded ion pair with Asp'’. Incorporating an Asp side chain in place of the methyl
group of Ala®* in rh-renin would be disruptive.

Table 2. Structural comparison of four aspartic proteinases. A least-squares fitting procedure [(37);
program of W. Bennett] was used to do the structural alignment of the enzymes based on Ca-atoms
only. The numbers in the upper triangular part of the matrix are the rms differences (A); the numbers in
parentheses following are the number of Ca-atom pairs considered structurally equivalent and included

P;  Phe S;: T12, Q13, P111, F112, in each calculation. The lower triangular part of the matrix has the number of identical residues between
] AllS5, F117, 8219 pairs of enzymes with these structural alignments. Percent values are given in parentheses. Abbrevia-
P, His S»: A218, Y220, $222, tions: PPEP, penicillopepsin (30); RPEP, rhizopus pepsin (31); EPEP, endothia pepsin (32); PGEN,
H288, M290, A301 porcine pepsinogen (15); RHRE, recombinant human renin. Coordinates for RPEP and EPEP were
P, Leu S:: V30, D32, Y75, F112, obtained from the Brookhaven Protein Data Bank (38).
F117, V120, D215, G217
Py Val $,': Y75, L213, D215, Enzymes PPEP RPEP EPEP PGEN RHRE
M290, T299, A301
P,y Il S»': G34, $35, L73, Y75, PPEP 0.92 (247) 0.92 (268) 1.63 (275) 1.59 (254)
Q128, 1130 RPEP 123 (38.1) 1.10 (264) 1.53 (278) 1.40 (280)
P;’ His S;': Q128, V189, Q191, EPEP 141 (43.7) 122 (37.5) 1.91 (268) 1.96 (279)
L213, D291, P293, P298, PGEN 102 (31.6) 118 (36.5) 90 (27.9) 1.33 (279)
T299 RHRE 78 (24.1) 86 (26.6) 70 (21.2) 131 (40.3)
10 MARCH 1989 REPORTS 1349



Fig. 7. The carbohydrate (GLCN) attachment site in
rh-renin. The electron density is contoured at 0.30
€A 3. The residue numbering follows that of pepsin
so that Asn’>, in renin, is labeled Asn®’. The confor-
mation of the polypeptide chain is that of an Asx-turn
with the main-chain NH of Thr® forming a hydro-
gen bond to Asn®” O81. There is no density for an N-
acetyl group on N2 of the sugar moiety.

Fig. 8. Molecular packing of rh-
renin near the fourfold axis. The
large solvent channel in the center
is ~30 A in diameter. Only Ca-
atoms of rh-renin are represented;
blue, average B-factor <25 A? (the
molecular average) magenta aver-
age B between 25 A? and 35 A%
and red, average B > 35 A? (poorly
determined in the current struc-
ture).

ing region (Fig. 6), making it difficult to
evaluate the effects of the substitution. Thus
other amino acid differences may contribute
to the increased pH optimum of human
renin. The overall amino acid composition
may be a factor. In rh-renin the ratio of
negative to positive charges is almost 1:1
(33:31), whereas in pepsin this ratio is
8.5:1 (43:5). The pH optimum of human
renin could also be affected by the substitu-
tion of Ala®!® for either Thr or Ser in other
aspartyl proteinases (14). The side chains of
these residues form a hydrogen bond to the
catalytic Asp?!®. Removal of this interaction
should have far-reaching electrostatic conse-
quences.

Carbohydrate attachment sites on pro-
teins involve N-linked Asn residues in a
canonical sequence Asn-X-Ser/Thr (X is any
amino acid). There are two such sequences
in rh-renin, at Asn® and Asn” (in the renin
numbering). Although the rh-renin was
treated with endoglycosidase F (11), a sugar
residue is covalently bonded to Asn’* (Fig.
7). In our structure Asn® is the NH,-termi-
nal, as there is no electron density for the
tracing of the first four residues. An ordered
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carbohydrate (if present) is also not visible
either. The nature of the carbohydrate on
Asn” is not known. We have incorporated a
single BD-glucosamine residue into the
structure, although other weak peaks in the
electron density map could indicate a longer
carbohydrate chain. As this carbohydrate is
far from the active site (~25 A), carbohy-
drate residues probably have little influence
on the catalytic function of rh-renin (11).

Stretches of polypeptide in the outermost
regions of five of the surface loops of rh-
renin remain poorly ordered and have weak
associated electron density in the current
maps (Arg" to Tyr*®A; Arg™ to Thr”’;
Glu'8 to Leu''; Arg**? to Asn®™'; and
Glu®” to Cys*®®). Most of these residues face
towards a solvent channel and have no inter-
molecular contacts. The most disordered
parts of the structure converge into this area
(Fig. 8). The channels are ~30 A in diame-
ter, with no apparent order in their aqueous
environment, and extend throughout the
length of the crystals parallel to the crystallo-
graphic c-axis.

The rapid progress from the initial molecu-
lar replacement structure to the present re-

fined model could only have been achieved
with the recently developed molecular dynam-
ics refinement methods. On the basis of this
renin structure the exploitation of the large
database of structure-activity relations for the
design of specific inhibitors should be possi-
ble. However, understanding the extreme
substrate specificity of renin probably awaits
the determination of an enzyme—inhibitor
complex structure.
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A Dwarf Mutant of Arabidopsis Generated by
T-DNA Insertion Mutagenesis

KENNETH A. FELDMANN, M. DAVID MARKS,
MicHAEL L. CHRISTIANSON, RALPH S. QUATRANO

Most plant genes that control complex traits of tissues, organs, and whole plants are
uncharacterized. Plant height, structure of reproductive organs, seed development and
germination, for example, are traits of great agronomic importance. However, in the
absence of knowledge of the gene products, current molecular approaches to isolate
these important genes are limited. Infection of germinating seeds of Arabidopsis
thaliana with Agrobacterium results in transformed lines in which the integrated T-
DNA from Agrobacterium and its associated kanamycin-resistance trait cosegregate
with stable, phenotypic alterations. A survey of 136 transformed lines produced plants
segregating in a manner consistent with Mendelian predictions for phenotypes altered
in height, flower structure, trichomes, gametogenesis, embryogenesis, and seedling
development. This report is the characterization of a dwarf mutant in which the
phenotype is inherited as a single recessive nuclear mutation that cosegregates with
both the kanamycin-resistance trait and the T-DNA insert.

RANSPOSABLE ~ ELEMENTS  HAVE

been successfully used to tag genes in

a limited number of eukaryotic or-
ganisms. Transposons simultaneously muta-
genize and tag genes when insertion of the
transposable element into a DNA region
modifies expression of the gene. A number
of genes have been identified and isolated by
this technique in Caenorhabditis elegans (1),
Drosophila (2), Antirrhinum (3), Zea mays (4),
and mouse (5). However, because most
transposons in plants occur in multiple
copies with low transposition frequencies,
detection of the insert responsible for the
altered phenotype is difficult. Also, relatively
few plant species contain endogenous trans-
posons. Recently, the potential of using a
transposable element from maize to tag ge-
netic loci in transgenic plants was demon-
strated (6).

An alternative method of tagging genes in
plants is the use of the T-DNA of Agrobacter-
ium tumefaciens as the insertional mutagen. A
large number of plant species can be trans-
formed with Agrobacterium, which integrates
a portion of its DNA (T-DNA) into the
plant genome (7). However, insertional mu-
tagenesis via Agrobacterium-mediated trans-
formation is inefficient in most higher plant
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species because of the abundance of noncod-
ing DNA, which decreases the probability
of insertion into a functional gene, and also
because of the space required to grow hun-
dreds of thousands of transformants and the
plethora of variations introduced by the
tissue culture process—that is, somaclonal
variation (8). The use of Arabidopsis thaliana
as an experimental organism to develop an
Agrobacterium-mediated insertional mutagen-
esis system has several advantages. Arabidop-
sis has a haploid genome size of 70,000 kb
consisting of only 10% to 14% highly repet-
itive DNA (9) and is sufficiently small that
thousands of individually transformed
plants can be grown separately to maturity
in growth chambers or in a small green-
house in a short time (4 to 6 weeks).
However, somaclonal variation is a major
obstacle in regenerating Arabidopsis (10),
making it difficult to separate the effect of
the T-DNA insert from the effect of the
tissue culture process, even under the best
transformation and regeneration conditions
(11).

We previously reported a non—tissue cul-
ture method for transformation, which in-
volves infecting germinating seeds of Arabi-
dopsis with Agrobacterium and results in trans-

formants that do not exhibit somaclonal
variation (12). An initial population of more
than 1000 transformants containing an aver-
age of 1.4 functional inserts was generated
by the successful application of this seed
transformation technique in three separate
infection experiments (12, 13). Of the 156
families scored for resistance to kanamycin,
20 lines contained inserts that failed to
segregate in a Mendelian fashion on selec-
tive medium, produced families with no
kanamycin-resistant (Kan®) progeny, or
were lost (12, 14). The remaining 136 lines
segregated for at least 190 independent
functional inserts when scored on kanamy-
cin. Screening of the 136 transformed lines
in growth chamber conditions (15) pro-
duced 36 lines that segregated in a Mende-
lian fashion for a variety of altered pheno-
types. These phenotypes include a dwarf
(Fig. 1A) and other height variants, floral
structure variants (agamous, Fig. 1B), stems
lacking trichomes (glabrous, Fig. 1C), and
embryo lethals (Fig. 1D). Genetic and mo-
lecular analyses of the dwarf mutant de-
scribed in this report are consistent with the
hypothesis that the T-DNA was inserted
into a gene that in the homozygous state
confers dwarfism to the plant.

The dwarf, in almost all characteristics, is
a miniature of the wild-type plant, 7 to 8 cm
in height compared to 30 to 40 cm for the
wild type. The hypocotyls of dwarf seedlings
are reduced in length, and the dwarf cotyle-
dons have a square shape in comparison to
the round, wild-type cotyledons. The leaves
are short, dark green, and have an epinastic
growth habit (Fig. 1A). The number of
rosette leaves (six to eight; refer to cover) is
similar to that of the wild type. Wild-type
plants have three to five primary inflores-
cences when grown separately in 3-inch
pots. Although dwarf plants initially have
only one inflorescence, additional inflores-
cences arise as the plants age, so that by the
time the plants senesce there may be more
than 40 inflorescences arising from the base
of the plant (14). This phenotype indicates a
reduction in apical dominance. Seed set is
reduced, owing in part to a failure of the
stamens to elongate, thus decreasing the
amount of pollen shed on the stigma. Seeds
are reduced in size, more concave than those
of the wild type, and have decreased viability
with increasing age (14). Wild-type plants
complete senescence in 8 to 9 weeks under
the described growth conditions, whereas
aging of dwarf plants is delayed 1 month.
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