The goal of current research in organic
synthesis is to find ways to approach or
surpass the finesse shown by nature in the
assembly of complex organic molecules. In
this work, we have come about as close to
achieving this goal as is possible at present.
The complete synthesis of the pentacyclic
alkaloid 3 requires about ten operations
starting with the known, readily available
geraniol derivative 5; the overall chemical
yield is 18%. The key transformation, con-
version of (E)- or (Z)-4 to 3, utilizes cheap,
“low-tech” reagents (potassium hydroxide,
ammonia, and acetic acid) and results in the
formation of six o-bonds and five rings (8).
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Regulation of the Timing of Transposable Element
Excision During Maize Development

AVRAHAM A. LEVY AND VIRGINIA WALBOT

The ability of transposable elements (TEs) to insert into or excise out of a genetic locus
can be regulated by genetic, environmental, and developmental factors. Tissue- or
organ-specific activity of TEs is a frequent and well-characterized example of spatial,
developmental regulation. Regulation of the timing of TE activity during ontogeny is
less well understood. To analyze timing, TE-induced variegation was quantified in the
aleurone of maize kernels, a tissue composed of only a single layer of cells, and sector
sizes were assigned to specific cell divisions in aleurone development. Three TE
families, Mu, Spm, and Ac/Ds, were studied at two genetic loci. It was found that the
frequency of transposon excision changes drastically (up to 30-fold increase or
equivalent decrease) during the proliferation of the aleurone. Moreover, these changes
occur at the same cell divisions in all three TE families. These results suggest that the
timing of TE excision during maize development can be controlled by the host.

RANSPOSABLE GENETIC ELEMENTS

(TEs) were first discovered in maize

(1). Since then, they have been
found in all the organisms in which they
were sought (2). Their ability to generate
mutations, by inserting into or excising
from a locus, has been exploited for gene
analysis and cloning by means of transposon
tagging (3). In addition, the properties of
TEs, such as excision from a reporter gene,
have been shown to be under genetic (1),
environmental (4), and developmental (5, 6)
control. Tissue specificity is the most fre-
quent type of developmental regulation ob-
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served with TEs, and the best characterized
example of this is the P element of Drosophila
(6). This element is active only in the germ
line, not in the soma, as a result of tissue-
specific intron splicing (7). Similarly, tissue
specificity is found for the Tc¢ element of
Caenorhabditis elegans (8). In maize, the Spm
family is more active in the side branches
than in the main stalk of the plant (9).

A second important aspect of develop-
mental regulation is timing. That is, when
during tissue development are TEs most
active? Except for the Mutator TE family of
maize, which has been shown to become
germinally (10) and somatically (11) active
late in the development, timing has rarely
been investigated, and it is often assumed

that TE excision is a stochastic event. One
difficulty has been that the cell lineage with-
in a tissue must be known so that TE-
induced sectoring can be assigned to specific
cell divisions during ontogeny. In this re-
gard, the aleurone of maize is ideal, because
the tissue is composed of a single layer of
cells whose ontogeny has been elucidated
(12-14), and this tissue can accumulate an-
thocyanin pigment. We have monitored the
size and appearance of purple sectors pro-
duced by excision of three different TE
families at two loci in this tissue to calculate
the frequency of excision at each cell division
of the aleurone. This analysis led to two
conclusions: (i) there are changes in excision
frequency during development, and (ii) tim-
ing appears to be determined by the host
rather than by unique properties of the
transposable element.

The aleurone is the single-cell epidermal
layer of the starchy endosperm of maize
kernels and is the site of anthocyanin pig-
ment deposition (14). Insertion of a TE in a
gene required for anthocyanin synthesis can
suppress this purple pigmentation, while
excision of the TE can restore it. The size of
a revertant sector indicates the number of
anticlinal cell divisions that follow the TE
excision event, because the presence or ab-
sence of this nonvital pigment has no impact
on tissue development. We have examined
revertant (purple) sectors from three muta-
ble alleles in genetic backgrounds in which
somatic instability is maintained. Insertions
of Mu1 (15) and Ds2 (16) TEs in the coding
region of the Bz2 locus generated bz2::mul
and bz2::Ds2, respectively; ¢2::Spm (or c2-
m1) originated from insertion of an Spm TE
in the C2 locus (17). Bz2 and C2 are loci
necessary for the biosynthesis of anthocya-
nin pigment in most tissues of maize (18).
Excision of the TEs from these loci can
restore gene expression resulting in a purple
revertant sector, or spot, on a bronze (bz2)
or white (c2) background in the aleurone.

We have monitored excision events at
each stage of aleurone development using
video imaging. Developmental stages were
defined as the number of divisions at the
periphery of the endosperm that contribute
to surface growth (anticlinal divisions) and
hence to aleurone formation. We defined
the stages by the number of cells present
using an exponential (powers of two) model
of proliferation at the periphery of the endo-
sperm (12) (Fig. 1), which allowed assign-
ment of any purple sector to a developmen-
tal stage by counting the number of cells in
that sector. Our staging system is supported
by the model of endosperm development
(12-14). The maize endosperm is triploid,
receiving two haploid nuclei from the ma-
ternal parent plus one sperm nucleus. The
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initial triploid nucleus divides to form a
syncytium of synchronously dividing nuclei
aligned on the plasma membrane. Subse-
quently, cellularization occurs, and anticlinal
cell divisions at the periphery of the endo-
sperm increase the surface area to form the
aleurone, while periclinal divisions fill the
internal cavity to form the starchy endo-
sperm. Divisions during the early (syncytial)
and late stages of aleurone development are
synchronous. Because plant cells do not
move relative to each other, the sectors
produced by somatic reversion events re-
main coherent, and the synchronous divi-
sions characteristic of much of aleurone
development ensure that cell number is a
reliable representation of timing. The devel-
opment of the starchy endosperm is far
more complex than that of the aleurone,
because it is derived from both anticlinal and
periclinal divisions and is composed of sev-
eral layers of cells that vary in size and in
ploidy level (14). Excision events in this
tissue, however, do not contribute purple

Fig. 1. (A) Kernels from I
stocks used in this study. A

(1) bz2::mul/bz2 (F219)
X bz2/bz2 (F203, bz2
tester) in which two
doses of bz2::mul are
present (two lower ker-
nels), and the reciprocal
cross in which only one

128 (11)
B

1/16 kernel (4)

sectors in the aleurone where anthocyanin
pigmentation is restricted.

We distinguished two phases in aleurone
development that differed radically in the
frequency of TE excision events (Fig. 2). In
the early stages (divisions 1 to 10), the three
mutable alleles differed from each other in
excision frequency. The bz2::mul allele
showed almost no excision events (Fig. 2A);
as noted previously, Mutator activities are
restricted to late stages in dssue develop-
ment (10, 11). In contrast, the excision
frequency ranged from 0.2 to 1.0% for
b22::Ds2 and ¢2::Spm (Fig. 2, B and C) at
these early stages.

In the later stages (after division 10), the
three alleles followed the same excision pat-
tern (Fig. 2). Up to division 10, the
b22::mu allele was virtually inactive. Within
two to three divisions it became highly
active, reaching peak excision rates of 2.4
and 5.6% for one and two doses of the
mutable allele, respectively. For the other
two alleles, excision rate increased from

s III
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sent (two upper kernels); y i
the origin of these stocks 1/4 kernel (2) 512 (9) 1024 (8) 1/8 kernel (3)
was described previous!

(11); () bz2::Ds2/bz2, B

Ac  (H218) X bz2/bz2
(H184, b22 tester) has
two doses of bz2::Ds2;
this stock was
obtained from M. G.
Neuffer, and was intro-
gressed into the W23
() 2/2
(ABB105, 2 tester) X
2:Spm/c2  (ABB107)
has one dose of ¢2::Spm;
this stock was originally
obtained from E. H. Coe.
(B) Revertant sectors of
intact kernels in the
c2::Spm stock. Each re-
vertant sector was as-
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1 (ALD) 8 (15) 4 (16) 2 (17)

16 (14)
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signed to a developmental stage; the cell division numbser is indicated in brackets. This number

to the number of anticliml divisions. Sectors representing 1/2, 1/4, 1/8, and 1/16 of the whole kernel were
scored manually and to an excision event at the first, second, third, and fourth divisions of the
endosperm, respectively. Sectors smaller than 1/16 of the kernel were assigned to an anticlinal division at the
endosperm surface on the basis of their size: the number of cells in each sector was determined by dividing
sector size (in square millimeters) by 0.000625, the average size (in square millimeters) of a single aleurone
cell (11). Each sector was assigned to a power-of-two-class (2") when its number of cells fell in the 2" % to
27*05 range. The n value was used as an estimate of the cell division number. le sectors are indicated
by an arrow in (A) and (B). The number of cells (2*) of the class to which these sectors belong is indicated
by the number above the arrows. Sector size was measured at X50 magnification with a video imaging
system equipped with particle analysis software (11) (Southern Micro Instruments). Large sectors (divisions
5 to 10) were measured individually from drawings of the contour with the video imaging system. The
smaller sectors (divisions 9 to 17) as well as one-cell sectors, which represent an excision event after the last
division (ALD, after last division), were counted and measured from scanning across a transect on the
kernel’s crown (26).

22 JUNE 1990

about 0.6% at division 10 to a maximum of
about 1.5% (division 11 to 13). The exci-
sion rate decreased during the last four
aleurone divisions (divisions 13 to 17), fall-
ing to about 0.1% for all three alleles. In the
case of bz2::mul, we compared excision
frequencies obtained with one or two muta-
ble alleles per cell in order to test for dosage
effects. With two doses, excision frequencies

Excision frequency (%)
w

2 4 6 8 10 12 14 16 AD

Excision frequency (%)

10 12 14 16 ALD

Excision frequency (%)

LALLM

L] L] T L]
0 2 4 6 8 10 12 14 16 ALD
Cell division number

Fig. 2. Variation in excision frequency during
aleurone proliferation for three mutable alleles.
(A) bz2::mul present in one ((J) or two (M)
doses; (B) bz2::Ds2; and (C) c2::Spm. Excision
frequency represents the percentage of cells, or
nuclei, in which an excision event occurred at a
given stage of aleurone proliferation. It was calcu-
lated (from data in Table 1) as follows:
100 x (number of excision events scored at a
given stage) divided by (number of cells, or
nuclei, present in the outer endosperm layer when
excision events occurred). The cell division num-
ber, or stages of aleurone proliferation, represents
the number of anticlinal divisions at the endo-
sperm surface after fertilization (Fig. 1 and Table
1); ALD, after last division. At divisions 9 and 10,
excision frequcncy values were obtained by both
measuring individual sectors and by scanning
aleurone transects (Table 1). The average of these
two values was used here.
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doubled at most stages, and there was a shift
in the peak of mutability from division 14 to
13. This probably occurred because frequen-
cy of excision was so high (up to 5.6%) that
some spots from independent events were in
contact and hence were interpreted by video
imaging as a unique earlier event. This type
of sector convergence is not a significant
factor with one dose of bz2::mul, because
spots covered only 7.5% of the total scanned
area. The observation of a linear relation
between dosage of the mutable allele and
excision frequency observed at each cell divi-
sion extends earlier studies on other alleles
in which only the absolute number of spots
of any size (19) was compared.

The same pattern of excision frequency,
with a maximum around the 13th division,
then a 5 to 33% decrease, was observed
during aleurone proliferation for mutable
alleles containing each of the three different
types of TE. The coding capacity of the TE
does not seem to be important: Spm encodes
transposase, whereas Ds2 and Mu1 are non-
autonomous elements capable of responding
to appropriate transposases, but do not en-
code these functions. The pattern was ob-
served at two loci in the anthocyanin path-
way and was independent of the dosage of
the mutable allele. Such similarity suggests
that TE-encoded regulation of the timing of
TE excision during late aleurone develop-
ment is unlikely, and that the observed
regulation is determined by the host.

Several developmental and cellular pro-

cesses in the endosperm could contribute to
the observed excision pattern. First, one or a
few periclinal divisions occur from each cell
at the periphery of the newly cellularized
syncytium to create interior cells, which
subsequently proliferate to fill the whole
endosperm cavity (13). Because only surface
sectors were analyzed, such periclinal divi-
sions were not counted. This could result in
an underestimate of the number of cell
divisions per sector, and hence influence the
calculated excision rate at each cell division.
The first periclinal division, occurring in
each cell of the outer layer of the endosperm,
starts after the cellularization stage (divi-
sions 7 to 9) (13). Yet, no increase in
excision frequency was observed during this
period. The last four or five divisions of the
aleurone are exclusively anticlinal (12, 13).
Therefore, periclinal divisions cannot ac-
count for the decrease in excision frequency
during this period. Second, the length of the
cell cycle changes abruptly during endo-
sperm development, from only 8 to 12
hours in the syncytial stage (divisions 1
through 7 require 3 days) to 1 to 3 days
after cellularization (divisions 8 through 17
require 3 weeks or more). This decrease in
mitotic rate did not correlate with the
change in excision frequency. Third, al-
though cellularization is a dramatic event in
the developmental history of the endo-
sperm, it does not affect the rate of TE
excision. The transition point in excision
frequency observed at division 10 is better

Table 1. Monitoring excision events during aleurone development

Distribution of revertant sectors obtained with:

Develop-
mental .. .
stages gﬁi‘ '(;'Z)“Si tgfg‘(.irg’;cjs bz2::Ds2 c2::Spm
Number of individually scored sectors/number of kemels scored*

1 0/2000 0/2000 32/1555 4/1000

2 0/2000 0/2000 40/1555 7/1000

3 0/2000 0/2000 72/1555 8/240

4 0/2000 0/2000 21/350 11/200

5 0/2000 0/2000 35/250 12/120

6 0/2000 0/2000 51/150 10/40

7 0/2000 0/2000 39/46 26/40

8 0/2000 0/2000 60/46 24/20

9 10/100 7/100 56/20 31/10
10 9/50 20/50 42/10 35/5

Number of sectors scored by scanning kernel surface with video imaging*

9 3
10 0 5 7 7
11 3 13 29 25
12 17 67 60 61
13 63 99 120 111
14 90 188 191 150
15 114 226 249 272
16 85 167 218 304
17 64 122 193 304
After last division 61 98 155 287

*One transect was scanned on each kernel, and 15 to 40 kernels were used for each stock. A total area corresponding to
84,900, 76,800, 262,400, and 236,800 cells were scanned for bz2::mul one and two doses, bz2::Ds2, and c2::Spm,

respectively.
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correlated with the differentiation of the
aleurone from the outer endosperm layer
starting 10 to 15 days after pollination (20).

The underlying molecular mechanisms re-
sponsible for the regulation of TE excision
remain to be elucidated. Changes in methyl-
ation of C residues throughout the genome
during aleurone development could indi-
rectly affect the excision of Mutator (21),
Ac/Ds (22), and Spm (23) elements. Another
possibility is that host factors are required
for the excision of TE in higher eukaryotes,
as is already established for prokaryotic TE
(24). The observed excision pattern would
then reflect availability of host factors dur-
ing development. Indeed, the observation
that the production of the transposase en-
coded by the P element of Drosophila de-
pends on stage-specific mRNA splicing (7)
is an example of such a host function.

Whereas Mutator seemed previously to be
a rare case of timing regulation (10, 11), we
show here that when TE activity is moni-
tored during development, timing regula-
tion is the rule rather than the exception.
Moreover, the timing regulation reported
for Mutator (10, 11) and for the dosage effect
of Ac (25) were examples of element self-
regulation, while we show here evidence for
host regulation.

The aleurone of maize provides an excel-
lent tissue in which to study timing of TE
activity. Control of timing of TE activity in
the final divisions of the aleurone is proba-
bly of little biological significance for the
organism, however, because this tissue is
terminally differentiated. On the other hand,
host control of the timing of TE activity
may affect other cell lineages. For example,
in the development of the gametes, alter-
ations in the timing of TE excision would
determine the frequency at which mutant
and revertant alleles are transmitted to the
next generation. In this respect, host regula-
tion of the timing of TE activity may be an
interesting example of how development
can affect an evolutionary process.
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Binding of Transforming Protein, P472%"%, to a
Broad Range of Phosphotyrosine-Containing Proteins

MICHIYUKI MATSUDA, BRUCE ]J. MAYER, YASUHISA FUKuUI,

HibpeESABURO HANAFUSA*

Although the oncogene product of CT10 virus, P475%<™, does not itself phosphoryl-
ate proteins at tyrosine residues, it elevates phosphotyrosine in transformed cells. The
P47%%* gncoprotein contains SH2 and SH3 domains, which are conserved in several
proteins involved in signal transduction, including nonreceptor tyrosine kinases.
P475%="* bound in vitro to phosphotyrosine-containing proteins from crk-transformed
cells and from cells transformed by oncogenic tyrosine kinases. The association
between P475%<* and p60*", a phosphotyrosine-containing protein, was abolished
by dephosphorylation of p60*~“™. This suggests that the SH2 and SH3 regions
function to regulate protein interactions in a phosphotyrosine-dependent manner.

ANY PROTEINS INVOLVED IN SIG-
nal transduction contain common
domains, named SH2 and SH3
(src homology 2 and 3), which were orig-
inally found in the regulatory regions of
nonreceptor tyrosine kinases (1-3). Al-
though regulatory functions for these do-
mains were suggested from mutational anal-
yses, their biological function is still unclear
(4). Because P4729€ consists almost en-
tirely of SH2 and SH3 domains (5), which
are indispensable for transformation by this
oncogene product (6), analysis of transfor-
mation by P47¢%<™* should provide an
understanding of the function of the SH2
and SH3 regions.
Several cellular phosphoproteins from
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CT10-transformed cells coimmunoprecipi-
tate with P472%"* and antibodies to Gag
(anti-Gag) or Crk (anti-Crk) (7). These cel-
lular phosphoproteins are identical, as
judged by V8 protease mapping, to those
precipitated from lysates of the same cells,
with an antibody to phosphotyrosine (anti-
phosphotyr) (7). These results suggest that
the proteins phosphorylated on tyrosine are
bound to P475%%,

To examine the specificity of the interac-
tion among these proteins, we performed
immunoprecipitations in the presence of an
excess of exogenously added P4722", 32p.
labeled cellular proteins of 135, 120, 94, 87,
and 65 to 75 kD were precipitated from
lysates of crk-transformed 3Y1 cells (Crk-
3Y1) (8) by and-phosphotyr (Fig. 1, lane
4). P478°8" that was immunoprecipitated
with antibody to p19%%¢ (anti-p194“) was
associated with nearly all of the phosphotyr-

osine-containing proteins (Fig. 1, lane 3).
The only protein detectable by anti-phos-
photyr but not coimmunoprecipitated with
ant-p19%%¢ was the 120-kD protein (Fig. 1,
lane 5). The 120-kD protein was probably
difficult to detect by immunoprecipitation
with ant-p19%“¢ because it was weakly asso-
ciated with P478%€"% Therefore, we used
beads coupled to recombinant P47238<m
by means of anti-pl9¢% (P47¢°¢™_anti-
pl9%?¢ complex) (9) to coimmunoprecipi-
tate the 120-kD protein from the fraction of
the lysate not bound by anti-p194“¢ alone
(Fig. 1, lane 6). If the cell lysate was first
treated with anti-phosphotyr, no phospho-
proteins were detected in supernatant sub-
jected to immunoprecipitation by anti-
p19%% or the P472%“"*_anti-p19%*¢ com-
plex (Fig. 1, lanes 7 and 8). These results
suggest that P478°¢<"k associates with phos-
phoproteins that contain phosphotyrosine
and with few, if any, phosphoproteins that
contain only phosphoserine or phospho-
threonine.

To see whether P47¢¢* bound a broad
spectrum of phosphotyrosine-containing
proteins, we examined the binding of puri-
fied P472°¢* in vitro to proteins phos-

Fig. 1. Association of phosphotyrosine-contain-
ing proteins with P47#¢2¢<™ (18). [*2P]Ortho-
phosphate-labeled proteins from 3Y1 (lanes 1 and
2) and crk-transformed 3Y1 (Crk-3Y1) cells (lanes
3 to 8) were precipitated with anti-p194?¢ (3C2
monoclonal antibody (19) (lanes 1 and 3) or anti-
phosphotyr (20) (lanes 2 and 4). Protein (50 pg)
from Crk-3Y1, which contained ~0.01 pg of
P47298<k was used in each lane. Supernatants
from these immunoprecipitations were immuno-
precipitated with a second set of antibodies:
supernatant of anti-p19%“¢ immunoprecipitation
(lane 3) was precipitated with anti-phosphotyr
(lane 5) or with anti-p19%?¢ coupled with 0.5 pg
of recombinant P47248"* produced in insect cells
(P478°¢<"*_anti-p19%9% complex) (9) (lane 6); su-
pernatant of anti-phosphotyr immunoprecip-
itation (lane 4) was precipitated with anti-p19%¢
(lane 7) or the P47298<<"*_anti-p19%2¢ complex
(lane 8). Immunoprecipitates were analyzed by
SDS—polyacrylamide gel clectrophoresis (SDS-
PAGE) (10% gel). Arrowheads indicate the ma-
jor phosphotyrosine-containing proteins in Crk-
3Y1 cells (from top of gel): 135, 120, 94, 87, and
65 to 75 kD. P47¢2&<7 s indicated by the open
arrow. Bars at the left of the figure are molecular
size markers: 110, 84, and 47 kD.
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