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Abstract

In Drosophila melanogaster, the protein product of the yellow gene is necessary for normal pigmentation and male sexual

behavior. Although one of the best characterized loci from a genetic standpoint, the function of the Yellow protein in the development

of either phenotype is unknown. Here I propose that Yellow acts as a growth factor- or hormone-like molecule in the development

of pigmentation and sexual behavior, and discuss the consistency of this theory with experimental observations in flies and humans.

� 2003 Elsevier Inc. All rights reserved.
That the protein product of the yellow (y) gene is

necessary for normal Drosophila melanogaster pigmen-

tation has been known since the first null mutant allele

was discovered in 1911 by Edith Wallace [1]. Its neces-

sity for normal male sexual behavior was discovered

shortly thereafter [2]. Both results have been confirmed
by numerous investigators [3,4].

The biochemical role of the Yellow protein in the

development of either pigmentation or sexual behavior

is currently unknown. At least two theories have been

advanced concerning the biochemical mechanism by

which Yellow is involved in pigmentation. Geyer et al.

[5] proposed that Yellow is a structural protein which

functions to crosslink a dopamine derivative, indole-5,6
quinone, during melanization, and there are a number of

indirect lines of evidence consistent with this hypothesis.

Alternatively, Wittkopp et al. [6] have proposed that

Yellow is an enzyme in the melanin pathway down-

stream of dopa, based similarly on circumstantial evi-

dence and also a significant sequence similarity between

Yellow and a dopachrome conversion enzyme from a

mosquito [7]. In the case of the former hypothesis, there
is currently a lack of relevant experimental data directly

bearing on its legitimacy. Regarding the latter, Han
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et al. [8] found that Yellow did not have the ability to act

as a dopachrome conversion enzyme in an in vitro assay,

providing evidence against the theory. (It is noteworthy

that these authors did find the related Yellow-f and

Yellow-f2 proteins to have such function, however [8].)

Neither of the above theories accounts for the ne-
cessity of Yellow for normal behavior. Here I advance a

novel theory that in the development of behavior and

pigmentation Yellow acts as either a hormone- or a

growth factor-like molecule to bind to receptors and

manipulate the growth, morphology or function of

nearby cells.
Does Yellow resemble a typical hormone or growth

factor?

Hormones and growth factors can have a variety of

influences on the CNS during development, including

functions related to secondary sex determination [9,10].

Does the Yellow protein resemble a typical polypeptide

hormone or growth factor? The primary translation
product of a future hormone often has 20–30 hydro-

phobic amino acids (aa) at the amino terminus, which

act to direct the polypeptide through the endoplasmic

reticulum (ER). In the ER, the signal peptide is cleaved

and asparagine-linked glycosylation may occur. Con-

sistent with this, Yellow has a 21 aa hydrophobic signal

sequence and two putative asparagine glycosylation sites
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[5]. The predictions from the primary transcript se-
quence were later experimentally confirmed [11], dem-

onstrating that Yellow carries a 21 aa signal peptide

which is cleaved in the ER and is glycosylated. Fur-

thermore, many polypeptide hormones are members of

protein families, as Yellow is [12]. Biochemically, Yellow

resembles a hormone or growth factor.
Is Yellow secreted from cells and does it bind to receptors

on others?

There is evidence to suggest that Yellow is secreted

from both cuticle [5,6,11,13] and neural cells [14,15].

Yellow is non-autonomous over short distances in the

cuticle [13] and it visually appears to travel to other cells

after being secreted from larval neuroblasts [14,15].
After secretion, Yellow may act as a hormone- or

growth factor-like molecule, binding to receptors on

other nearby cells in order to activate signal transduc-

tion pathways in those cells.
Which receptor(s) might Yellow bind to?

If Yellow is a secreted signal, it should bind to recep-

tors on nearby cells. The identity of the receptor(s) is not

known. However, what may be a significant clue comes

from the mammalian pigmentation literature [16]. A

hormone-activated cAMP pathway is known to mediate

melanization via the melanocortin 1 receptor (MC1R).

When either a-melanocyte stimulating hormone

(a-MSH) or adrenocorticotropic hormone (ACTH)
(which are both synthesized from the some prohormone

precursor) binds to MC1R, intracellular cAMP levels are

increased via adenylate cyclase. Although the many de-

tails connecting cAMP to melanogenesis are outside the

scope of this paper (see [16]), protein kinase A and the

CREB transcription factor are activated, and in turn

other transcription factors are turned on, leading to up-

regulation of genes relevant to melanin production.
There could be an analogous mechanism acting in

invertebrates, in which Yellow function is equivalent to

that of a-MSH and/or ACTH. This idea is consistent

with the fact that interference with a-MSH or ACTH

binding to MC1R and subsequent inactivation of the

cAMP signal transduction pathway yields yellow col-

ored mice [16]. If this hypothesis were correct, then the

study of Yellow action can serve as a model for human
skin variations and disorders, since it is known that in-

terference with and variations in human a-MSH is as-

sociated with pigmentation levels [17–20].

What is the Drosophila equivalent of MC1R? Se-

quence comparisons [21,22] show that the proteins most

closely resembling proteins in the melanocortin receptor

family are a group of dopamine receptors. In D. mela-
nogaster there are a number of these, DopR, DopR2,
and DD2R, the last of which has at least 8 isoforms [23].

That dopamine, melanin, behavior, and Yellow may be

related has previously been discussed at length [15,24].

Because it is common for a given hormone binding to a

given receptor in different cell types to yield different

responses, the notion that Yellow can change neural cell

properties in one case and promote melanin production

in another is reasonable.
Consistency of the theory with other experimental obser-

vations

This theory is consistent with experiments which

show that y phenocopies for both pigmentation and

behavior can be created using pharmacological inhibi-

tors of tyrosine hydroxylase (TH), the rate-limiting en-
zyme in the metabolic pathway in which melanin and

dopamine are synthesized, if we consider that the in-

hibitors acted downstream from y in a severe manner,

whereas in y mutants it is possible that potential defects

in the downstream part of the pathway are compensated

for [24–29]. Our theory is also consistent with the idea

that Yellow acts upstream of Yellow-f and Yellow-f2 in

the melanin pathway [8]. Finally, our theory is consis-
tent with the observation that y function appears to be

necessary for normal learning behavior [30,31] and lar-

val foraging behavior [32], each known to be dependent

on the functioning of second-messenger systems.

If Yellow functions as a hormone or growth factor

during metamorphosis, it may aid neurons in forming

new motor connections and/or responding to novel

sensory inputs in the adult. Observations suggest that
male-specific FRU-mediated Yellow action in the male

CNS begins in the 3rd instar [14,15]. This could explain

how sex-specific male wing extension behavior [15,26] in

response to pheromonal stimulation from females de-

velops, if Yellow directs CNS control over muscles in

males (but not females) which control wing extension

and/or directs the chemosensory input which stimulates

wing extension.
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