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Probing the Component Structure of a Maize Gene with 

Transposable Elements 

Abstract. Three instances of R gene instability were found in maize stocks carrying 
the controlling elements Dissociation (Ds) and Modulator (Mp). In each, Ds or a Ds- 
like element had transposed to R, inhibiting kernel pigmentation irregularly. When 
Mp was removed fiom the genome, R expression stabilized at low to intermediate 
levels. Strong pigmenting action was restored through recombination in hetero- 
zygotes of the three new forms with an R allele that specifies only plant pigmenta- 
tion. The sites of Ds insertion mapped distal to the region that specifies seed versus 
plant expression. The evidence suggests that an R functional unit consists of one 
component that both governs tissue-specific expression and another that is common 
to alleles of different tissue-specific activities. 
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Controlling elements are mobile units 
in the maize (Zea mays) genome that al- 
ter the expression of standard genes. The 
behavior of a number of different con- 
trolling elements, some acting singly and 
others as interacting pairs, has been 
worked out in detail (1). In the present 
study, controlling elements were used to 
probe the organization of a maize gene. 
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Fig. 1. Variations in aleurone pigmentation of 
maize endosperm due to controlling element 
action at the R locus. The R alleles are paren- 
tal R-sc (top row) through r-mutable pheno- 
types ml, m3, and m9 (bottom row). In the 
left column, Mp is present in the genome; in 
the right column it is absent. (Pericarps have 
been removed.) 
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The approach is analogous to the use 
made of transposable insertion se- 
quences in Escherichia coli for determin- 
ing the arrangement of ribosomal protein 
genes in operons (2). 

The target locus R is one of a series of 
genes required for anthocyanin (flavo- 
noid pigment) formation. The R alleles 
collected from diverse sources differ in 
distribution, intensity, and time of pig- 
ment formation (3). A given allele may 
comprise one or more units of indepen- 
dent function. Stadler (4) designated these 
units as genic elements since the individ- 
ual elements of compound R alleles be- 
have as separate genes. It has been 
shown that a number of alleles composed 
of multiple elements carry duplicated 
chromosome segments (5). An aliele 
consisting of a single genic element was 
chosen for the present study in order to 
avoid the complexities attending 
chromosome rearrangement and mul- 
tiple R elements. This allele, R-sc:124, 
specifies intense pigmentation both in 
the outer layer of the seed's endosperm 
(the aleurone) and the scutellum of the 
embryo (6). (Vegetative parts of the 
plant are not colored.) The element is 
designated (Sc) for self-colored, denot- 
ing the solid appearance of kernels. It 
contrasts with elements that effect pig- 
mentation either in plant tissues exclu- 
sively or in some combination of kernel 
and plant tissues (7). 

Are there, in addition to components 
that distinguish R elements, ones that are 
not tissue-specific in their effect? The lat- 
ter might code, for example, for a prod- 
uct affecting a given step in pigment syn- 
thesis in any plant or seed part. Such a 
component would have gone undetected 
if it were invariant in the alleles studied 
so far. 

Mutations in R were induced in a 
search for components whose effects are 
not tissue-specific. The general plan was 
to establish variants of a given R element 
that are of null or low-level activity and 
then to map the site of mutation relative 
to the site of the tissue-specific com- 
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Table 1. Strongly pigmented R derivatives isolated after testcrosses of G r-m m-stlg r-r i 
females with g r-g m-st males in the absence of Mp [r-r represents (P)(s) cases n35 and n10 

Strong seed-color derivatives 
Source Kernel 

of population Frequency Linked marker composition 
rpp (X 10-4m r-m (x 10-) G m-st gM-st GM-st gr 

ml 87,100 5.5 3 0 45 
m3 41,350 6.5 0 0 27 
m9 6,370 6.3* 0 0 4 

*Minimal estimate. Some variants could have been undetected since the expression of parental m9 rn 
through dark pale. 

ponent in that element. The first positive 
results were obtained by utilizing vari- 
ants induced by controlling elements. 
The rationale for using controlling ele- 
ments was based on evidence that they 
simulate the effect of mutagens by in- 
sertion (8). 

The transposable element Dissociation 
(Ds) was mobilized from an initial posi- 
tion proximal to the waxy gene in the 
short arm of chromosome 9 by hybrid- 
izing with a strain carrying Modulator 
(Mp), a component of the variegated 
pericarp gene P-vv (9). Both parental 
stocks were homozygous for the R- 
sc:124 allele of R in the long arm of 
chromosome 10. Two of the five heri- 
table variants of R-sc that were estab- 
lished after large-scale crossing of the 
hybrid with a stock lacking pigment in 
both seed and plant (r-g) behaved as 
would be expected if the alteration were 
caused by Ds insertion at R. In the ab- 
sence of Mp, a uniformly pale (ml) or 
colorless (m3) phenotype was observed; 
in its presence, intensely pigmented 
areas on the pale or colorless back- 
ground and occasional whole-kernel re- 
vertants occurred (see Fig. 1 and cover). 
Like receptor action in other mutable 
systems, Ds inhibition of R-sc in one 
chromosome was found not to interfere 
with expression of the allele in the ho- 
mologous chromosome. Thus the action 
of Ds on R is cis-specific, whereas Mp 
incites ml and m3 instability in trans 
combination. A third R instability (m9) 
behaved similarly although it was isolat- 
ed from an R-sc P-vv stock not known to 
carry Ds. 

Stability of Ds at R-sc in ml and m3 
and of the Ds-like element in m9 was 
tested by screening for intensely pig- 
mented kernels after pollinating homo- 
zygous strains of the three variants with 
r-g r-g, both parents lacking Mp. No re- 
vertant to strong R-sc expression was 
obtained from ml, m3, or m9 in testcross 
populations numbering 41,010, 18,170, 
and 12,950 kernels, respectively. This re- 
sult indicates that Ds is fixed at R in the 
absence of Mp, just as Ds has proved to 
be germinally stable at other loci after re- 

1458 

moval of the regulator from the gen 
(8, 10). 

Each of the three variants was stu 
in heterozygotes to test whether I 
function could be restored by rec 
binational substitution of compon 
from an R allele of contrasting tis 
specific effects. The contrasting a 
class chosen descends from the R di 
cation chromosome R-r:standard. 
proximal member of the duplication 
ried the genic element (P), so design 
because of its positive effect on plant 
mentation. The distal (toward the ti 
IOL) member carried (s), an inac 
form of the seed-pigmenting elemenl 
present in R-r:standard. No reversio 
these (P)(s) stocks to colored seed 
occurred in a gamete population 
71,100 (11). Since member segment 
the duplication are in direct orienta 
to one another, components of either 
(P)- or (s)-bearing member might rep 
Ds in the R-sc variants. 

Table 1 gives data on the recover 
intensely colored R derivatives f 
each of the three heterozygous comb 
tions after crossing with r-g r-g (a 
tested in the absence of Mp). F 
among 91 variant kernel selections 
that were successfully progeny-te 
proved heritable. This outcome, toge 
with the fact that the 91 deviant ker 
occurred singly on the testcross 
rather than in clusters, is consistent 
restitution of R function occurrinj 
meiosis. None of the 79 derivative pl 
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Fig. 2. Alternative interpretations of the I 
tion of Ds in r-mutable phenotypes ml, 
and m9. (A) Ds acts by inserting within 
region involved in the normal expression ( 
(B) Ds lies outside the R functional unit. 

M-st developed another pigment, a character- 
istic feature of (P) action. When crossed 
to a colorless seed tester, each pig- 
mented the seed uniformly as the original 
R-sc:124 stocks and unlike the irregular 

m-st (mottled) distribution characteristic of 

0 (S) action in (P)(S), the parent allele of 

0 (P)(s). A detailed study to compare pig- 
0 mentation level in the 79 derived R-sc's 

with the original R-sc stocks has not 
anges nges been made. 

To associate restoration of R-sc func- 
tion with recombination in the R region, 

ome the flanking markers golden plant (g, 20 
map units proximal) and Modifier of R- 

died stippled (M-st, six units distal) had been 
R-sc incorporated into the (P)(s) chromo- 
om- some. The relation between R-sc resto- 
ents ration and recombination of the flanking 
sue- markers proved unexpectedly regular. 
llele Each of the 79 R-sc derivatives was 
upli- borne on a chromosome carrying the 
The green plant (G) allele of the golden locus 
car- from the R-sc variant parent; all but 
ated three carried M-st from the (P)(s) parent. 
pig- Thus 76 of the 79 derivatives constituted 
p of one recombinant class and three one pa- 
;tive rental class, whereas the two remaining 
t (S) marker combinations were not repre- 
n in sented. The relationship of markers in 
had the recombinant class associates restora- 
i of tion of R-sc function with crossing over 
ts of distal to (Sc). In such crossovers, the Ds- 
Ltion carrying segment of R-sc is evidently ex- 
r the changed for a segment from the (P)(s) 
lace chromosome that is capable of support- 

ing normal R-sc function. 
y of A search for the reciprocal product of 
rom crossovers that restore R-sc action was 
mina- made in the case of (P)(s) heterozygotes 
gain with m9. If the receptor element af- 
rom fecting (Sc) can be transferred to (P), 
, 79 thereby inhibiting its expression, the col- 
sted orless kernel class should yield occasion- 
ther al green or weakly pigmented seedlings 
nels that are distinguishable from the parental 
ears red seedling class. A population of 2908 
with seedlings yielded three heritable vari- 
g at ants. One lacked pigment in both plant 
ants and seed. It was borne on a chromosome 

marked as parental (P)(s), and it proved 
stable in the presence of Mp. The re- 
maining two variants are characterized 
phenotypically by colorless seeds and 
weak seedling and anther pigmentation. 
Both were borne on recombinant chro- 
mosomes. Significantly, the marker com- 
bination (g m-st) is reciprocal to the four 
instances of R-sc restitution involving 

. m9. When combined with Mp, the two 

displayed a mosaic of light and dark an- 
ther coloration. These characteristics in- 

posi- dicate that the m9 receptor had been 
m3e transferred from the R-sc chromosome 1 the 

ofR. to (P) by crossing over. 
What is implied about R gene organi- 
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zation by the finding that Ds in ml, m3, 
and m9 had inserted closely distal (12) to 
the site that gives (Sc) its distinctive tis- 
sue-specific effect? One possibility is 
that the controlling element receptor 
may act by insertion within the affected 
gene (13). If so, Ds acts by inserting 
within an essential R component or be- 
tween components whose function de- 
pends on a contiguous cis relationship 
(Fig. 2A). Crossover restitution of (Sc) 
function would involve replacing Ds by a 
segment from an R element in the homol- 
ogous chromosome. This interpretation 
implies the presence of a segment of 
equivalent effect in different R genic ele- 
ments. Components common to different 
R elements have not been disclosed by 
other means. 

Alternatively, Ds may exert a regional 
effect in chromosome 10, inhibiting (Sc) 
action when inserted beyond the bounds 
of the R element (Fig. 2B). In this case, 
the crossover event that exchanges Ds 
between homologs need not involve 
components common to different R ele- 
ments. This alternative would be ruled 
out for instances of Ds insertion that map 
between the sites of recessive r muta- 
tions induced by conventional means. 
Such data are not available for R. Com- 
parable data have been obtained, how- 
ever, through fine structure analysis of 
the waxy gene (8); three controlling ele- 
ment mutants mapped within the region 
delimited by recessive mutation that had 
occurred spontaneously or had been in- 
duced by gamma rays. A highly localized 
effect of controlling elements, such as is 
indicated by the data for the waxy gene, 
is clearly necessary if they are to resolve 
components within an R element. In in- 
ter se combinations, the three waxy vari- 
ants recombined with one another. 
Again, the property of insertion at vari- 
ous sites on a local scale is essential if 
the present approach is to yield a repre- 
sentative picture of the R gene. 

JERRY L. KERMICLE 

Laboratory of Genetics, University of 
Wisconsin, Madison 53706 
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An About 50,000-Dalton Protein in Adrenal Medulla: 

A Common Precursor of [Met]- and [Leu]Enkephalin 

Abstract. A protein that may be an enkephalin precursor has been identified in 
extracts of bovine adrenal medulla. This protein (about 50,000 daltons) appears to 
contain seven copies of [Met]enkephalin and one copy of [Leu]enkephalin. Digestion 
with trypsin and carboxypeptidase B yields [Met]enkephalin and [Leu]enkephalin in 
a ratio of almost 7 to 1. The enkephalins were identified by chromatography and by 
their binding to opiate receptors. Some characteristics of several other adrenal pep- 
tides that may serve as intermediates in the biosynthesis of the enkephalins are pre- 
sented. 
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Demonstration of the [Met]enkephalin 
sequence (Try-Gly-Gly-Phe-Met) (1) at 
the amino terminus of /3-endorphin 
(about 3000 daltons) (2) was originally in- 
terpreted as being indicative of a pre- 
cursor-product relationship. However, 
attempts to demonstrate the presence of 
f3-endorphin in tissues rich in enkepha- 
lins other than the pituitary gland, such 
as striatum (3, 4) and adrenal medulla 
(5), have been unsuccessful. In contrast, 
from extracts of adrenal medulla we 
were able to isolate a number of small 
(6) and large (7) enkephalin-containing 
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peptides ranging from 500 to 22,000 dal- 
tons (8). In those studies, the enkeph- 
alin-like activities in the isolated pep- 
tides and proteins were revealed after 
tryptic digestion by their ability to com- 
pete with tritiated [Leu]enkephalin for 
binding to neuroblastoma-glioma cells; 
the released peptides were identified by 
high-performance liquid chromatography 
(9). The presence of free enkephalin in 
the tryptic digests indicates that the pen- 
tapeptide sequence occurred at the car- 
boxyl terminus; hexapeptides with Arg 
or Lys in position 6 were found when 
the enkephalin sequence occurred in- 
ternally. Since enkephalins extended 
at the carboxyl terminus with Arg or Lys 
possess very weak receptor binding ac- 
tivity (10), their detection and quan- 
tification in tryptic digests of peptides 

Fig. 1. Chromatography of extracts of adrenal 
medulla on Sephadex G-75. Bovine adrenal 
medulla (26 g) were homogenized in 100 ml of 
1M acetic acid, 20 mM HCl, 0.1 percent /3- 
mercaptoethanol containing phenyl methane 
sulfonyl fluoride (PMSF) (1 jig/ml) and pep- 
statin (1 gg/ml). The extract was centrifuged 
at 140,000g for 60 minutes. The supernatant 
was chromatographed on Sephadex G-75 (5 
by 100 cm) with the above buffer and without 
PMSF and pepstatin. Portions (200 ,.l) from 
each fraction were lyophilized, redissolved in 
400 tl of 50 mM tris-HCI (pH 8.5), and di- 
gested with 1 ,g of TPCK-treated trypsin for 
16 hours at 37?C. Tryptic digests (200 ,ul) were 
treated with 0.1 /ug of carboxypeptidase B 
(CPB) for 2 hours at 37?C and then for 20 
minutes at 90?C to inactivate the enzyme. 
Each portion was assayed with the neuroblas- 
toma-glioma cell binding assay (9), with 
trypsin (A), and with trypsin and carboxypep- 
tidase B (B). The activity in tubes 48 to 54 
represents the 50,000-dalton protein and the 
activity after tube 66 represents the beginning 
of the 22,000-dalton protein. 
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