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Diurnal Expression of Transducin mRNA and
Translocation of Transducin in Rods of Rat Retina

MARK R. BRANN* AND LESLIE V. COHEN

The messenger RNA (mRNA) that encodes a subunit of the guanosine triphosphate—
binding protein transducin (T,) and T, immunoreactivity were localized and mea-
sured in the rat retina during the light-dark cycle with in situ hybridization and
immunohistochemistry. Both T, mRNA and T, immunoreactivity were observed
only in photoreceptors. Within the photoreceptor T, mRNA was present primarily in
the inner segments and to a lesser extent in the outer nuclear layer at all times during
the day and night. However, the distribution of T, immunoreactivity varied profound-
ly with the light-dark cycle; during the day, T, immunoreactivity was highest in the
inner segments, and at night the outer segments were more immunoreactive. The
amounts of T, mRNA and T,, immunoreactivity also depended on the light-dark cycle.
Levels of T, mRNA were high immediately before and after lights on; levels were low
for the rest of the light-dark cycle. During the day, T, immunoreactivity increased in
the inner segments following the increase in T, mRNA. After the lights were turned
off, T, immunoreactivity decreased in the inner segments and increased in the outer
segments. Thus, it appears that T, is synthesized in the inner segments after a morning
increase in T, mRNA. Newly synthesized T, remains in the inner segments until it is
transported to the outer segments at night, where it may be involved in the increase in
the sensitivity of photoreceptor rods at night.

RANSDUCIN IS A GUANOSINE TRI-
phosphate (GTP)-binding (G) pro-
tein that mediates the stimulation of
guanosine 3’,5’-monophosphate phospho-
diesterase by light-activated rhodopsin in
photoreceptor rods. Transducin is a mem-
brane-associated protein that consists of
three subunits—a, B, and vy. The « subunit
(T,) is structurally and functionally homolo-
gous to the a subunits of the G proteins that
mediate inhibition of adenylate cyclase by
neurotransmitter receptors. The B subunit
of transducin may be identical to the B
subunit of the G proteins that are associated
with adenylate cyclase (I). Although the
structure of transducin and the molecular
characteristics of its coupling with rhodop-
sin have been extensively investigated, little
information is available concerning either
the regulation of the synthesis or the subcel-
lular distribution of transducin by changes
in physiological states. We localized and
measured the expression of T, messenger
RNA (mRNA) and the subcellular distribu-
tion of T, in photoreceptors during the
light-dark cycle. T, immunoreactivity was
measured with immunohistochemistry and
T, mRNA was measured with in situ hy-
bridization histochemistry.
Male Sprague-Dawley rats were main-
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tained under a 12-hour light-dark cycle for 4
weeks before the localization studies were
performed. Four animals were sacrificed ev-
ery 4 hours during the light-dark cycle (un-
der dim red light during the night); eyes
were immediately removed, frozen on pow-
dered dry ice, and stored at —80°C until 12-
um frozen sections could be prepared and
mounted on gelatin-coated slides. Before
the histochemical procedures, the slide-
mounted tissue sections were thawed and
kept at room temperature for 10 minutes,
then fixed in 4% formaldehyde for 20 min-
utes. Immunohistochemical localization of
T, was performed with the peroxidase anti-
peroxidase (PAP) method (2) with a highly
selective polyclonal antibody against T, (3).
The PAP reaction product was measured in
photoreceptor inner and outer segments (4)
and T, mRNA was localized and measured
(5). The synthetic oligodeoxynucleotide
probe, complementary to nucleotides 1070
to 1117 of bovine T, (6), was made by
solid-phase synthesis on an Applied Biosys-
tems DNA synthesizer and labeled with
terminal  deoxynucleotidyl  transferase
(BRL) and [**S]deoxyadenosine triphos-
phate (NEN). Retinal sections were incu-
bated with the complementary DNA
(cDNA) probe at 37°C for 24 hours and

washed under conditions of high stringency
(18°C below the theoretical melting tem-
perature). The distribution of labeled
mRNA was evaluated by autoradiography
S 7).

The specificity of our cDNA-T, mRNA
hybridization procedures was verified (7) by
meeting four criteria: (i) Only cells within
the photoreceptor cell layer were positive for
T, immunoreactivity and T, mRNA; in the
rat retina this cell layer almost exclusively
contains photoreceptor rods. (ii) Hybridiza-
dons were performed under conditions of
high stringency that precluded cross-hybrid-
ization even with mRNA’s for related G
proteins. (iii) A negative control for se-
quence-independent hybridization was es-
tablished with a synthetic probe for tyrosine
hydroxylase mRNA, which is not expressed
within photoreceptors. (iv) A single band
on a Northern blot of total RNA was ob-
served with our cDNA probe at a hybridiza-
tion stringency identical to that used for in
situ hybridization. .

T, mRNA was only present in photore-
ceptors, was more abundant in the inner
segments than the outer nuclear layer, and
was absent from the outer segments (Fig.
1A). Qualitatively this distribution of T,
mRNA was the same at all times of day and
night. On the other hand, the distribution
of T, immunoreactivity was distinctly differ-
ent at night than during the day. During the
day, T, immunoreactivity was most pro-
nounced in the inner segments, was less
evident in the outer nuclear and plexiform
layers, and was low in the outer segments
(Fig. 1B). At night, T, immunoreactivity
was most dense in the outer segments, rela-
tively little was present in the inner seg-
ments, and none was observed in the outer
nuclear and plexiform layers (Fig. 1C). The
only cells other than photoreceptors ob-
served to have T, immunoreactivity were in
the pigment epithelium where immunoreac-
tivity was most dense at 3:00 a.m. and 7:00
a.m., the time of peak disk shedding. Be-
cause these cells phagocytose the disks shed
from the distal end of photoreceptors, this
localization of T, immunoreactivity in the
pigment epithelium indicates that some T,
is shed with the photoreceptor disks.

T, mRNA levels varied with the light-
dark cycle (Fig. 2B). At night, levels of T,
mRNA were low, but they increased just
prior to the onset of light. In the morning,
T, mRNA was at its highest level. By mid-
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day the amount of T, mRNA was at its
lowest. The relation of the light-dark cycle
to T, immunoreactivity in the inner and
outer segments is also shown in Fig. 2A. In
the morning, T, immunoreactivity in-
creased in the inner segments following the
increase in T, mRNA. T, immunoreactivity
reached its highest level by midday and
remained high in the inner segments until
the lights were turned off. After the lights
were turned off, T, immunoreactivity de-

ONL -

Transducin mRNA

(day)

creased in the inner segments and increased
in the outer segments. It is unlikely that
these changes in immunoreactivity represent
changes in the availability of antigenic sites
on T, molecules (8).

Thus, T, is synthesized in the inner seg-
ments after a morning increase in T,
mRNA, and newly synthesized T, remains
in the inner segments until it is transported
to the outer segments at night. This regula-
tion of the synthesis and distribution of T,

Transducin immunoreactivity  Transducin immunoreactivity

(night)

Fig. 1. Distribution of transducin mRNA and transducin immunoreactivity in rods. (A) Transducin
mRNA was localized by in situ hybridization histochemistry with a synthetic [>*S]oligodeoxynucleotide
probe. In order to localize bound probe, sections were dipped in emulsion and exposed for 4 weeks.
Transducin immunoreactivity was localized by the PAP method with a polyclonal antibody, raised to
purified T, in sections of rat retinas removed during the day (B) and night (C). Scale bar, 35 um.
Abbreviations: OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; and IPL, inner plexiform layer.
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Fig. 2. Diurnal rhythm of transducin immunore-
activity and transducin mRNA. Twenty-eight rats
were entrained to a 12-hour light-dark cycle;
lights were turned on at 5:00 a.m. (5 hours) and
turned off at 5:00 p.m. (17 hours). Four rats were
killed every 4 hours. Two sections separated by
200 um were taken from each retina and pro-
cessed for measurement of (A) transducin immu-
noreactivity in the outer segment (OS) and the
inner segment (IS) and (B) transducin mRNA (IS
mRNA). Transducin immunoreactivity was mea-
sured by PAP immunocytochemistry, with the
reaction product quantitated densitometrically.
Data points represent the means + SEM
(» = 16; data from each section were treated as
independent observations since variation was in-
dependent of the animal and retina). Transducin
mRNA was measured by in situ hybridization
histochemistry (quantitated autoradiographical-
ly). Data points represent the means + SEM
(n = 8; data from each slide, two sections per
slide, were treated as independent observations
since variation was independent of the animal and
retina; covariance was observed for sections
mounted on the same slide).

is unlike that of opsin (the protein compo-
nent of rhodopsin). Although opsin mRNA
is also located in the inner segments (7), the
synthesis and distribution of opsin appears
to be either not influenced or only weakly
regulated by the light-dark cycle (9). After it
is synthesized, opsin is inserted into disk
membranes at the proximal end of the outer
segments where it remains until the disks are
shed from the distal end several days later
).

In rats, the shedding of disks is under
diurnal control with a peak in shedding
occurring in the morning (10), a time course
similar to that for T, mRNA. It is thus
possible that the control of photoreceptor
shedding and T, synthesis may be related.
Although the mechanism of the control of
photoreceptor shedding is not completely
understood, dopamine (11) and melatonin
(12) may be involved. The demonstration of
dopamine receptors on photoreceptors (13)
and the ability of dopamine to control light-
adaptive movements of photoreceptors in
lower vertebrates (I4) support a role for
dopamine in light- and dark-adaptive re-
sponses of photoreceptors.

At night and after short periods of dark-
ness photoreceptor rods are much more
sensitive to light than they are during the
day (I5). Although our data do not distin-
guish direct effects of illumination from
possible circadian events (both are involved
in the control of photoreceptor sensitivity),
photoreceptors may alter the distribution of
T, as a mechanism for controlling sensitiv-
ity. That is, during the day T, levels may be
limiting in the outer segments, leading to
low photoreceptor sensitivity. At night, T,
is transported to the outer segments from
the inner segments, possibly leading to an
increase in sensitivity. By analogy, other
systems that utilize G proteins (for example,
hormone and neurotransmitter receptors)
may alter the expression and subcellular
distribution of these proteins as a means of
regulating receptor sensitivity.
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Site-Specific Nick in the T-DNA Border Sequence
as a Result of Agrobacterium vir Gene Expression

KAN WANG, ScotT E. STACHEL, BENEDIKT TIMMERMAN,
MARC VAN MONTAGU, PATRICIA C. ZAMBRYSKI

The T-DNA transfer process of Agrobacterium tumefaciens is activated by the induction
of the expression of the Ti plasmid virulence (v##) loci by plant signal molecules such as
acetosyringone. The vir gene products act in trans to mobilize the T-DNA element
from the bacterial Ti plasmid. The T-DNA is bounded by 25-base pair direct repeat
sequences, which are the only sequences on the element essential for transfer. Thus,
specific reactions must occur at the border sites to generate a transferable T-DNA
copy. The T-DNA border sequences were shown in this study to be specifically nicked
after vir gene activation. Border nicks were detected on the bottom strand just after the
third or fourth base (* one or two nucleotides) of the 25-base pair transfer-
'promoting sequence. Naturally occurring and base-substituted derivatives of the 25—
base pair sequences are effective substrates for acetosyringone-induced border cleav-
-age, whereas derivatives carrying only the first 15 or last 19 base pairs of the 25—base
pair sequence are not. Site-specific border cleavages occur within 12 hours after
acetosyringone induction and probably represent an early step in the T-DNA transfer

process.

grobactevium  tumefaciens HARBOR-

ing a Ti (tumor-inducing) plasmid

induces tumors in plants by transfer-
ring and integrating a specific DNA seg-
ment, T-DNA, into the plant nuclear ge-
nomes [reviewed in (I1)]. The T-DNA trans-
fer process is mediated by products of the Ti
plasmid virulence (v#7) (2) and chromosome
virulence (chv) (3) loci. While chv expression
is constitutive, v expression is tightly regu-
lated (2, 4). Activation of the vir genes is the
direct result of the recognition by Agrobac-
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terium of signal molecules produced by
wounded plant cells (5), and this activation
initiates the transfer process.

The T-DNA is bounded by imperfect 25—
base pair (bp) direct repeats (1). While
deletion of the left border repeat has no
significant effect on oncogenicity (6), dele-
tion of the right repeat totally abolishes it
(7-9). When the orientation of the right
border is reversed with regard to its natural
orientation, the efficiency of transfer or inte-
gration (or both) of the T-DNA is greatly

attenuated (7, 9). Since only the T-DNA
clement is found integrated in the plant
nuclear genome, specific reactions are ex-
pected to occur at the T-DNA borders
(especially at the right border) to generate a
transferable T-DNA copy. Recent experi-
ments have shown that v induction by
acetosyringone (AS), a purified plant signal
molecule, results in the production of S1
nuclease—sensitive structures at the T-DNA
borders (10). The data described below indi-
cate that this S1 sensitivity is due to AS-
induced specific single-stranded cleavage
within the 25-bp repeat sequence.

Various constructs (Fig. 1A), including a
3.3-kbp Hind III fragment overlapping the
right T-DNA border of the nopaline-type Ti
plasmid as well as several derivatives of the
transfer-promoting 25-bp border sequence
(7), were tested for their sensitivity to S1
nuclease after AS induction. Border nicks
began to occur within 4 hours and reached a
maximal level by 12 hours, after the addition
of AS to bacterial cultures grown in Mura-
shige and Skoog medium, with sucrose and
phosphate (MSSP) (10). Thus, the different
Agrobacterium strains were induced with AS
for 12 hours, and total DNA was prepared
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