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Rescue of the Drosophila Phototransduction Mutation trp by 
Germline Transformation 

Abstract. Phototransduction is the process by which light-stimulated photorecep- 
tor cells of the visual system send electrical signals to the nervous system. Many of 
the steps that follow the initial event in phototransduction, absorption of light by 
rhodopsin, are ill-dejined. The fruifly, Drosophila melanogaster, provides a means 
to dissect phototransduction genetically. Mutations such as transient receptor 
potential (trp) affect intermediate steps in phototransduction. In order to facilitate 
molecular studies of phototransduction, the trp gene was isolated and its identity 
was conjirmed by complementing the mutant trpCM allele of the trp gene by P- 
element mediated germline transformation of a 7.1-kilobase DNA fragment. Expres- 
sion of the trp gene begins late in pupal development and appears to be limited to the 
eyes and ocelli. 

CRAIG MONTELL 
KEVIN JONES 
ERNST HAFEN 
GERALD RUBIN 
Department of Biochemistry, University 
of California, Berkeley 94720 

Phototransduction is a neuronal exci- 
tation process that is stimulated by light 
and results in a change in the flow of ions 
across the photoreceptor membrane. 
Physiological studies suggest that sever- 
al important features of the phototrans- 
duction process are similar in verte- 
brates and invertebrates. In both sys- 
tems, the pigments that absorb light and 
undergo photoisomerization are protein- 
chromophore complexes known as rho- 
dopsins ( I ) .  It appears that, in verte- 
brates and invertebrates, there are a se- 
ries of intermediate steps between the 
photoisomerization of the visual pig- 
ments and the change in permeability of 
the photoreceptor membrane (2). With 
the exception of vertebrate transducin 
(3), little is known in either system about 
the proteins that function in the interme- 
diate phototransduction events. 

The fruitfly Drosophila melanogaster 
is an excellent system in which to study 
phototransduction. The anatomical fea- 
tures of the fruitfly's compound eyes 
have been described in detail, mutations 
in genes affecting phototransduction 
have been isolated (2), and techniques 
for germline transformation have been 
developed (4). Many of the Drosophila 
mutants believed to intervene in photo- 
transduction were isolated on the basis 
of abnormal electroretinogram (ERG) re- 
cordings (2). ERG'S measure the change 
in potential across the photoreceptor 
membrane in response to light. Wild- 
type flies display a sustained receptor 
potential that decays very gradually dur- 
ing continuous bright illumination. With- 
in 5 seconds of cessation of a light stimu- 
lus (dark recovery) the response of wild- 
type flies to a subsequent stimulus is 
nearly maximal. Of the mutants thought 

to affect an intermediate step in photo- 
transduction, the transient receptor po- 
tential (trp) mutant is among the most 
intensively studied (5-8). The trp mutant 
is characterized by a rapid decay of the 
receptor potential during illumination 
with bright light (5). It also displays an 
abnormally slow dark recovery (5). De- 
spite many detailed studies, the basis of 
the trp phenotype is not well understood. 
The trp phenotype is not due to quantita- 
tive or qualitative changes in the photo- 
pigment (6). Minke has proposed that the 
rapid decay of the receptor potential is 
caused by a light-induced reduction in 
excitation efficiency resulting from an 
unknown defect in an intermediate stage 
of phototransduction (6). 

Currently, none of the genes encoding 
products relevant to an intermediate step 
in phototransduction have been isolated 
in Drosophila. A more thorough under- 
standing of the processes disrupted by 
the trp mutation and other phototrans- 
duction mutations would be facilitated 
bv identification and characterization of 
the corresponding genes and gene prod- 
ucts. We now describe the identification 
of trp by a germline transformation pro- 
cedure that rescues the phenotype (9). 
The developmental expression and tis- 
sue localization of the trp RNA are also 
presented. 

A gene encoding a product that func- 
tions specifically in an intermediate 
process in phototransduction might be 
expected to be expressed exclusively in 
the eyes. Therefore, the criteria used to 
identify a gene likely to rescue the trp 
phenotype were that it map to the cyto- 
genic position of the trp mutation and 
that it be expressed specifically in the 
eye. A differential screen of a library of 
cloned Drosophila genomic DNA seg- 
ments with polyadenylated [poly(A)+] 
RNA prepared from fly heads and bodies 
yielded 20 cloned sequences that were 
expressed more abundantly (by a factor 
of 10 at least) in the head than in the 
body (10). Among these 20, one (A559) 
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mapped cytogenetically by in situ hy- 
bridization to the same position as the 
trp mutation, 99C, which is near the tip 
of the third chromosome (10, 11). 

The spatial distribution of transcripts 
homologous to A559 was determined by 
in situ hybridization to tissue sections. 
The DNA fragment used to probe for the 
559 RNA was identified by hybridizing 
restriction endonuclease-digested A559 
DNA on nitrocellulose filters to a 3 2 ~ -  

labeled complementary DNA (cDNA) 
probe that was prepared from polyaden- 
ylated RNA of fly heads and bodies. No 
A559 fragments hybridized to body 
cDNA and a single 1.7-kilobase (kb) Eco 
RI fragment hybridized to head cDNA. 
This 1.7-kb Eco RI fragment was sub- 
cloned from A559 to pUC13 (12) to create 

C 

l i b  

Fig. 1. Spatial distribution of the putative trp 
RNA in adult fly heads. Horizontal sections (8 
pm) of adult heads (Canton S) were prepared 
and hybridized to pSS9E1.7 that had been 
labeled with 3H as described (20). (A) Bright 
field. Fly head is approximately 0.6 x 0.35 
mm. (B) Dark field. Same section as (A). (C) 
Bright field. Higher magnification of com- 
pound eye. Br, brain; co, cornea; fb, fat 
bodies; ib, interommatidial bristles; la, lamina 
ganglionaris; lo, lobula; Ip, lobula plate; me, 
medulla; pcn, pigment cell nuclei; re, retinular 
cells. Localization of grains to the surface of 
the eye was probably a result of nonspecific 
binding to cuticular structures often observed 
with DNA probes (20). In the dark-field image 
(B), some light scattering by the cuticle is also 
seen. 
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the plasmid p559E1.7, which was labeled 
with tritiated nucleotides by nick transla- 
tion and hybridized to tissue sections of 
adult fly heads. The tissue distribution of 
the head-specific 559 RNA is shown in 
Fig. 1. The hybridization of the DNA 
probe occurred predominantly in the 
eye, consistent with the localization ex- 
pected for trp RNA. Few grains were 
localized in the pigment cell nuclei just 
below the cornea, suggesting that 559 is 
not expressed in the pigment cells and 
may be localized exclusively to the retin- 
ula cells. The retinula cells are the spe- 
cialized cells in which phototransduction 
occurs. In addition to the compound 
eyes, Drosophila has three small visual 
organs, ocelli, located at the vertex of 
the head. The ocelli are not included in 
the section in Fig. 1. However, examina- 
tion of the other sections that include 
portions of the ocelli showed that trp is 
also expressed in these small visual or- 
gans. This result is consistent with the 
previous finding that the trp mutation 
also disrupts the functioning of the ocelli 
(13). 

Expression of the 559 RNA during 
Drosophila development was also inves- 
tigated. If the 559 transcripts correspond 
to the trp gene, then expression might be 
limited to the last stages of Drosophila 
development and to the adult (when pho- 
totransduction occurs). When p559E1.7 
was used as the probe, a single 4.2-kb 
RNA was detected in adult RNA (Fig. 2, 
lane A). This 4.2-kb RNA was also ob- 
served in the lane containing adult head 
RNA but not in the lane containing adult 
body RNA, even though only one-eighth 
the amount of adult head RNA was load- 
ed onto the gel. We will refer to this 4.2- 
kb RNA as the putative trp messenger 
RNA. A sixfold longer exposure of this 
autoradiogram did not reveal any RNA 
homologous to the probe in the adult 
body. This observation is consistent with 
the results of dot blot experiments by 
Levy et al., who reported that 559 RNA 
is at least 26 times more abundant in the 
head than in the body (10). Thus, within 
the resolution of the RNA blot and in situ 
hybridization, we conclude that expres- 
sion of the putative trp mRNA is limited 
to the eyes and ocelli. We estimate that if 
this RNA were expressed in the body at 
0.1 percent of the level observed in the 
head then a band would have been de- 
tected in the longer exposure of this 
autoradiogram. Expression of the puta- 
tive trp RNA is limited to the last stages 
of development. The putative trp RNA 
was detected only in the adult head and 
in pupae collected less than 24 hours 
prior to eclosion. Thus, the cytogenetic 
position, tissue specificity, and timing of 

expression of the 4.2-kb RNA are con- 
sistent with the 559 DNA encoding some 
portion of the trp gene. 

To determine whether the DNA en- 
coding the 4.2-kb RNA corresponds to 
the trp gene we identified the coding 
region and used a DNA fragment encom- 
passing the transcribed region to rescue 
the mutant phenotype by g e d i n e  trans- 
formation. Since the A559 clone encodes 
a maximum of 1.7 kb of coding region for 
the 4.2-kb putative trp RNA, we isolated 
an overlapping bacteriophage clone, 
A559B, from a Drosophila genomic li- 
brary (14). The A559B DNA was digested 
with restriction endonucleases, fraction- 
ated on agarose gels by electrophoresis, 
blotted to duplicate nitrocellulose filters, 

Fig. 2. Expression of the putative trp RNA 
during Drosophila development. Oregon 
R,P2-strain embryos were collected for 4 
hours and allowed to develop at 25'C for 0 to 
16 hours (embryos) or for 1,2,4,6,8, and 9 to 
10 days (adults). Heads and bodies of adults 
were separated by agitation of frozen flies 
(21). The I-, 2- and 4-day collections coincid- 
ed approximately with the first, second, and 
third larval instar stages of development. The 
6- and 8-day collections coincided approxi- 
mately with the early and late pupal stages. 
RNA was prepared (22) and polyadenylated 
RNA was fractionated by affinity chromatog- 
raphy with oligo(dT) cellulose (23). Adult 
head poly(A)' RNA (0.25 pg) and poly(A)+ 
RNA (2.0 pg) for all other samples were 
fractionated on a 3 percent formalde- 
hyde + 1.5 percent agarose gel (24), blotted 
to nitrocellulose, probed with 559E1.7 that P had been nick-translated with ' P, and visual- 
ized by autoradiography. Lanes are designat- 
ed as follows: E (0- to 20-hour embryos); 1.2, 
4, 6, 8 (days of development); B (adult bod- 
ies); H (adult heads); and A (whole adults). 
The arrow indicates the position of the major 
4.2-kb band. Lambda DNA di ested with '4 Hind 111 and 3' end-labeled with ' P was used 
as the size marker (not shown). The absence 
of RNA bands in the other lanes was not due 
to RNA degradation or poor transfer to the 
nitrocellulose since the expected bands were 
detected upon probing the filter again with a 
Drosophila actin DNA probe, pDmA2 (25). 
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Fig. 3. Physical maps of the putative trp A 
genomic region and transformation vector. S S E X X  E S E  ESX E S S E  

(A) Physical maps ofgenomic DNA contained kb b a i h  116 2'0 24 218 

within-A559 and ~ 5 5 5 ~ .  Top horizontal line 
represents the Drosophila genomic DNA en- A5596 A 558 

compassing the sequences encoding the puta- 
tive trp mRNA. The bold portion of this line - . . +  
indicates the 7.1-kb genomic DNA segment 
that was cloned into the P-element transfor- 
mation vector (Fig. 3B). The Sac I (S), Eco RI 
(E), and Xho I (X) cleavage sites are shown. B 

The genomic DNA in the A clones are repre- 
sented by the horizontal lines labeled A559 
and A559B. The bottom line indicates the 
coding arrowhead region indicates for the putative the 3' end trp of mRNA. the RNA. The :ox 188 kb 

The broken lines adjacent to both ends of the 
bold solid line indicate the limits of the region 
within which we have mapped the 5' and 3' s a E  

ends of the RNA. (B) Map of transformation vector. The unshaded segment represents the 3.6- 
kb Carnegie 3 (16) portion of p559CRl. The 7.1-kb Eco RI fragment (7.3 to 14.4 kb) subcloned 
from A559B is indicated by the fully shaded region. The stippled region represents the 8.1-kb Sal 
I ry+ fragment (17). The Sal I (Sa), Eco RI (E), and Xho I (X) sites are indicated. 

and probed with 32~-labeled cDNA pre- 
pared from head and body RNA of adult 
flies. This analysis indicated that the 
putative t rp  RNA is encoded within a 
6.0-kb DNA segment extending from the 
Xho I site at 8.4 kb to the Eco RI site at 
14.4 kb (Fig. 3A). A second RNA, ex- 
pressed exclusively in bodies, is tran- 
scribed from the region to the left of the 
Eco RI site at 7.3 kb. The direction of 
transcription of the putative trp RNA 
was determined by fractionating adult- 
head RNA on a formaldehyde gel, trans- 
ferring it to nitrocellulose, and hybridiz- 
ing it to strand-specific 32~-labeled RNA 
probes (15). 

To rescue the trp phenotype by germ- 
line transformation (4 ) ,  the head-specific 
559 gene was subcloned into a P-element 
transformation vector (16). A 7.1-kb 
fragment generated by partial cleavage 
of h559B with Eco RI (7.3 to 14.4 kb) 
was subcloned into the P-element-medi- 
ated gene transfer vector Carnegie 3 (16) 
to create the plasmid p559C3A. To pro- 
vide a visible marker for easy scoring of 
transformants, an 8.1-kb Sal I fragment 
containing the rosy+ (ry') gene (17) was 
cloned into p559C3A to create p559CR1 
(Fig. 3B). Rescue of the mutant rySo6 
phenotype would result in restoration of 
a wild-type eye color. Transformants ex- 
hibiting a wild-type eye color would also 
contain the 559 DNA and could be tested 
for rescue of the trp phenotype. 

Six independent r y +  transformants 
with inserts mapping to the X or second 
chromosome were crossed into a trpCM 
background (18) and tested for rescue of 
the t rp  phenotype on the basis of electro- 
retinogram recordings (ERG). The 
ERG'S were performed by placing a re- 
cording electrode on the cornea and a 
reference electrode in either the abdo- 

men, thorax, or proboscis and then illu- 
minating the eye with white light. The 
light-induced electrical response due to 
current flow in the extracellular medium 
of the eye was recorded on an oscillo- 
scope. A typical ERG recording induced 
with a white-light stimulus from rySo6 
flies is shown in Fig. 4A. This ERG is 
indistinguishable from that of wild-type 
flies. The transient spikes of the ERG 

Fig. 4. Electroretinogram recordings of rySo6 
and D), ry506trpCM (B and E) and a 

($06 ry trpCM fly transformed with p559CR1 
(P[ry,559]5) (C and F). Responses were to a 
white-light stimulus of 12-second duration af- 
ter flies were in the dark for 2 minutes (A to C) 
or 5 seconds (D to F) since cessation of the 
previous light stimulus. The ERG recordings 
of rySo6 and ry5"trpCM flies were indistin- 
guishable from Canton S wild-type and frpCM 
flies, respectively (not shown). Five other 
transformed lines, P[ry,559] 1, P[ry,559]3, 
P[ry559]7, P[ry,559]9, and P[ry,559]11 gave 
responses indistinguishable from P[ry,559]5. 
The initiation (on) and cessation (off) of the 
light stimulus are indicated. The maintained 
component and the on- and off-transients are 
identified in (A). Signal amplitude and time 
scale are as indicated by the scale bars. 

coincident with turning the light stimulus 
on and off are thought to originate post- 
synaptically to the photoreceptors in the 
second-order cells of the lamina gang- 
lionaris (2). The maintained component 
is believed to be the summation of the 
membrane potentials of the photorecep- 
tor cells. In wild-type or in ryS06 flies, the 
maintained component decayed very 
gradually before returning to the baseline 
(resting potential). This feature of the 
maintained component was different in 
trpcM flies. Both trpCM and rySo6 trpCM 
flies displayed a normal on-transient, but 
the maintained component quickly de- 
cayed close to the baseline (Fig. 4B). 
The dark recovery of trpCM flies was also 
abnormal. The response of wild-type 
flies to light stimulus was nearly maximal 
5 seconds after cessation of the preced- 
ing light stimulus (Fig. 4D). However, 
there was little recovery in trpcM flies 
after 5 seconds (Fig. 4E). The mutant 
recovered gradually, achieving about 90 
percent of the maximum response after 
60 seconds in the dark (5, 6). Of primary 
importance, both a wild-type decay rate 
of the maintained component and wild- 
type dark recovery were restored in 
trpCM flies that had been transformed 
with p559CR1 (Fig. 4, C and F). All six 
independent ry' transformants tested 
displayed a trp' phenotype. Therefore, 
the t rp  gene is contained in the 7.1-kb 
559 fragment that had been cloned into 
p559CR1 (19). 

Despite numerous physiological stud- 
ies over the last 16 years, the role of the 
trp product in phototransduction has 
been elusive. The identification of the trp 
gene will facilitate a molecular analysis 
of the trp function in phototransduction. 
The sequences required to code for the 
4.2-kb RNA and for function of the trp 
gene were localized to a 7.1-kb fragment 
that rescues the trp phenotype. More- 
over, we have shown that the trp product 
is specific to the visual organs and is 
expressed beginning late in development 
shortly before phototransduction begins 
in the adult visual system. 

We have presented a useful approach 
for identifying DNA sequences likely to 
encode phototransduction genes. This 
strategy entails screening for DNA se- 
quences that are transcribed preferen- 
tially in the eye and that map to the 
cytogenetic position of a phototransduc- 
tion mutant. Confirmation that the DNA 
sequences does encode the correspond- 
ing phototransduction gene can then be 
obtained by testing for complementation 
of the mutant phenotype after introduc- 
tion of the cloned DNA into the genome 
by P-element-mediated gene transfer. 
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Amino Acid Homology Between the Encephalitogenic Site of 
Myelin Basic Protein and Virus: Mechanism for Autoimmunity 

Abstract. Amino acid sequence homology was found between viral and host 
encephalitogenic protein. Immune responses were then generated in rabbits by using 
the viral peptide that cross-reacts with the selfprotein. Mononuclear cell infiltration 
was observed in the central nervous systems of animals immunized with the viral 
peptide. Myelin basic protein (MBP) is a host protein whose encephalitogenic site of 
ten amino acids induces experimental allergic encephalomyelitis. By computer 
analysis, hepatitis B virus polymerase (HBVP) was found to share six consecutive 
amino acids with the encephalitogenic site of rabbit MBP. Rabbits given injections of 
a selected eight- or ten-amino acid peptide from HBVP made antibody that reacted 
with the predetermined sequences of HBVP and also with native MBP. Peripheral 
blood mononuclear cells from the immunized rabbits proliferated when incubated 
with either MBP or HBVP. Central nervous system tissue taken from these rabbits 
had a histologic picture reminiscent of experimental allergic encephalomyelitis. 
Thus, viral infection may trigger the production of antibodies and mononuclear cells 
that cross-react with selfproteins by a mechanism termed molecular mimicry. Tissue 
injury from the resultant autoallergic event can take place in the absence of the 
infectious virus that initiated the immune response. 

ROBERT S. FUJINAMI* cytes generated against the virus might 
MICHAEL B. A. OLDSTONE cross-react with self proteins, thus caus- 
Department of Immunology, ing cellular injury leading to disease. 
Scripps Clinic and Research Once the infectious agent initiates this 
Foundation, La Jolla, California 92037 process, it need not be present during the 

autoimmune destruction that follows. 

*Present address: Department of Pathology, Univer- Molecular mimicry occurs frequently 
sity of California at San Diego, La Jolla 92093. and with various DNA and RNA viruses. 

Many viruses share antigenic sites 
with normal host cell components (I-3), 
a phenomenon known as molecular mim- 
icry. This commonality has been demon- 
strated by direct comparisons of amino 
acid sequences. Moreover, the finding of 
monoclonal antibodies that react with 
both host and virus constituents suggests 
that viruses have the potential to trigger 
autoimmune responses and resultant dis- 
ease. Antibodies or cytotoxic lympho- 

Lane and Hoeffler (3),  using a monoclo- 
nal antibody, showed that the large T 
antigen of simian virus 40 and normal 
proteins of host cells have common anti- 
genic sites. Subsequently, we found that 
the measles virus phosphoprotein (P3), 
the 140-kilodalton (kD) protein of herpes 
simplex virus, and the hemagglutinin of 
vaccinia virus all reacted with distinct 
epitopes on intermediate filaments ( I ) .  In 
a study of more than 600 monoclonal 
antibodies to 11 different viruses, Srini- 
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