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Abstract

The white, brown and scarlet genes of Drosophila melanogaster encode proteins which transport guanine or tryptophan
(precursors of the red and brown eye colour pigments) and belong to the ABC transporter superfamily. Current models
envisage that the white and brown gene products interact to form a guanine specific transporter, while white and scarlet gene
products interact to form a tryptophan transporter. In this study, we report the nucleotide sequence of the coding regions of
five white alleles isolated from flies with partially pigmented eyes. In all cases, single amino acid changes were identified,
highlighting residues with roles in structure and/or function of the transporters. Mutations in w¢ (G589E) and w* (F590G)
occur at the extracellular end of predicted transmembrane helix 5 and correlate with a major decrease in red pigments in the
eyes, while brown pigments are near wild-type levels. Therefore, those residues have a more significant role in the guanine
transporter than the tryptophan transporter. Mutations identified in w" (H298N) and w'?’ (G243S) affect amino acids
which are highly conserved among the ABC transporter superfamily within the nucleotide binding domain. Both cause
substantial and similar decreases of red and brown pigments indicating that both tryptophan and guanine transport are
impaired. The mutation identified in wZ®” alters an amino acid within an intracellular loop between transmembrane helices 2
and 3 of the predicted structure. Red and brown pigments are reduced to very low levels by this mutation indicating this loop
region is important for the function of both guanine and tryptophan transporters. © 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Pigmentation of the eye of Drosophila melanogast-
er is due to the synthesis and deposition in the
rosis transmembrane regulator; PCR, polymerase chain reaction; pigment cells of red pigments (drosopterins), which
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precursors are transported into pigment cells by
membrane transporters belonging to the ABC trans-
porter superfamily and encoded by the white (w),
scarlet (st) and brown (bw) genes of D. melanogaster
[2]. Genetic and biochemical evidence suggests that
the gene products of white and scarlet together form
a tryptophan transporter; and the white and brown
gene products together form a guanine transporter
[3-6].

The ABC transporter (or traffic ATPase) super-
family is a large and growing group of active mem-
brane transporters found in procaryotes and eucar-
yotes [7-9]. Members of this superfamily share a
similar overall predicted topology and usually trans-
port substrates against a concentration gradient at
the expense of ATP hydrolysis. A large variety of
substrates is known, with each transporter specific
for a particular substrate or group of related sub-
strates. A typical ABC transporter complex is pre-
dicted to be composed of two membrane spanning
domains, each composed commonly of six a-helices;
and two cytoplasmic domains which harbour the
ATP binding motifs A and B [10] in addition to
the ABC transporter ‘signature sequence’ — also
known as the linker peptide [11]. These four domains
may be found either in four different polypeptides (as
in the phosphate transporter of Escherichia coli [12]),
in two polypeptides, each of which has one trans-
membrane domain and one cytoplasmic domain (as
appears to be the case with the D. melanogaster pig-
ment precursor transporters) or on a single polypep-
tide, as with the most extensively studied eucaryotic
ABC transporters such as the cystic fibrosis trans-
membrane regulator (CFTR) and the multiple drug
resistance proteins (MDR) in humans and mice.
Within the cytoplasmic domain, the ATP binding
and signature motifs are located within a region en-
compassing approximately 200 residues which forms
the ATP binding cassette and is highly conserved
among the superfamily. The Walker motifs A and
B are found in a large number of ATP and GTP
binding proteins, and their role in ATP and GTP
binding has been well characterised [13-16]. The
‘signature sequence’, however, is exclusive to ABC
transporters and is predicted to have an important
functional role in the mechanism of transport [11,17-
22].

Mutagenesis studies of a number of ABC trans-
porters have revealed that helices 5 and 6 in the
transmembrane domains (this includes helices 11
and 12 in the transporters with both transmembrane
domains on a single polypeptide chain) have an im-
portant structural and/or functional role in the trans-
port mechanism. In the D. melanogaster White/
Brown heterodimeric guanine transporter, for exam-
ple, mutations were identified within predicted trans-
membrane helices 5 and 6 of the White and Brown
subunits which led to the conclusion that trans-
membrane helix 5 of the white encoded subunit
and helices 5 and 6 of the brown encoded subunit
must interact in the functional guanine transporter
[23].

Particular intracellular loops linking the trans-
membrane helices have also been shown to be impor-
tant for function in ABC transporters. In procaryotic
transporters, a conserved protein motif known as the
EAA motif which is around 30 residues long, be-
tween transmembrane helices 4 and 5 [24,25] has
been identified. Certain of the residues in the motif
have been shown to be important for function and it
has been suggested [24] that the EAA motif interacts
with the nucleotide binding domain. Shani et al. [26]
report that some eucaryotic ABC transporters (e.g.
adrenoleukodystrophy protein (ALDp)) have a 15-
amino acid motif resembling the procaryotic EAA
motif. It has been suggested [17] that the ABC ‘sig-
nature sequence’ interacts with the transmembrane
domain through this EAA-like motif in eucaryotes.

In this paper, we characterise a further five white
alleles from partially pigmented eye colour mutant
strains of D. melanogaster, namely w9, we", w',
w!% and wE®”_ These white alleles were chosen be-
cause: (a) the restriction maps in the case of w!,
w¢, w and w* are indistinguishable from the de-
rivative wild-type w™ allele [27,28] and therefore do
not contain any gross genetic lesions; (b) the pres-
ence of pigments, although reduced, indicates that
both the White/Brown, and White/Scarlet complexes
are assembled in the membrane, but that their func-
tion is impaired. We describe the nature and location
of the point mutations, which identify functionally
important regions of the D. melanogaster guanine
and tryptophan ABC transporters.
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2. Materials and methods

2.1. D. melanogaster strains

The D. melanogaster strain containing the wt®’
mutation was induced by ethyl methanesulphonate
(M.M. Green and A.J. Howells, unpublished). The
D. melanogaster strains containing the X-ray-induced
w¢ allele [29], the two spontaneous alleles w” [30],
and w' [31] were obtained from the Drosophila
Stock Center, California Institute of Technology, Pa-
sadena, as were Canton-S strain containing the wild-
type w' allele and the strain lacking eye pigmenta-
tion w!//8, Chromosomal DNA extracted from the
D. melanogaster strain containing the N-ethyl-nitro-
sourea-induced w'? allele [28] was obtained from A.
Pastink.

2.2. Amplification of white gene fragments from
genomic DNA

Genomic DNA was extracted from approximately
50 flies as previously described [32] and was quanti-
tated by measurement of A,qy. Single stranded DNA
primers for PCR and sequencing were designed using
the published white gene sequence [3] and are listed
in Table 1. DNA fragments containing the white
gene sequences were amplified by PCR as described
previously [23] using the nucleotide primers comple-
mentary to the 5'- and 3’-regions flanking Exon 1.
Exons 2-6 were amplified in a separate PCR reaction
using nucleotide primers flanking this region of the
gene. The thermostable Pfu DNA polymerase was
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used in order to minimise introduction of errors by
PCR, since this enzyme has a proofreading function
[33]. To ensure that mutations detected after DNA
sequencing were not introduced by random poly-
merase errors, amplified fragments were cloned and
sequenced from at least two separate PCR reac-
tions.

2.3. Recombinant DNA technology using
Escherichia coli

The gene fragments of each mutant white allele
produced by PCR were purified using the Bresaclean
Kit (Bresatech). The fragments were digested with
the appropriate restriction enzymes to cleave the sites
incorporated into 5'-ends of the oligonucleotide pri-
mers (see Table 1) and ligated into the pBluescript
SK* (Stratagene) plasmid vector which had been di-
gested with the same restriction enzymes. The liga-
tion reaction was then used to transform CaCl, com-
petent E. coli strain XLI1-Blue (recAl, endAl,
gyrA96, thi-1, hsdR17, supE44, relAl, lac, [F'proAB,
lacl"ZAM15, TnlO(tet")]). Small scale plasmid purifi-
cations were performed on overnight cultures grown
from transformant colonies using a kit supplied by

Qiagen.
2.4. DNA sequencing

The ABI PRISM Dye Terminator Cycle Sequenc-
ing Ready Reaction Kit with Amplitag DNA Poly-
merase, FS (Perkin-Elmer) was used, following the
instructions of the supplier. The extension products

Table 1

Oligonucleotide primers used in sequencing and PCR reactions

Primer Sequence (5" to 3')* Site of 3’-base binding® Use Strand®
91-134 TTGAAGCTTGAGTGATTGGGGTG —81 Exon 1 PCR +
91-135 GCAGAGAATTCGATGTTGCAATCGC 123 Exon 1 PCR -
91-136 AACCGAATTCGTAGGATACTTCG 3102 Exon 2-6 PCR +
91-73 GATGAAGCTTATCTTGTTTTTATTGGCAC 5714 Exon 2-6 PCR —
91-68 CCACGACATCTGACCTATCG 3824 Sequencing +
91-69 ACACCTACAAGGCCACCTGG 4467 Sequencing +
91-70 GATCGTGTGCTGACATTTGC 3872 Sequencing -
91-71 CTTTTACGAGGAGTGGTTCC 4537 Sequencing -
91-72 GATGTGCAGCTAATTTCGCC 5431 Sequencing —

4Underlined sequences are recognition sites for restriction by BamHI, EcoRI and HindIII.
bBinding sites are numbered with +1 as the A of the translation start codon in the published white genomic [3] sequences.
°+ indicates the coding strand; — indicates the complementary strand.
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were separated by polyacrylamide gel electrophoresis
by the Biomolecular Resource Facility of the Aus-
tralian National University. Some of the sequencing
was performed using the dideoxy chain-termination
method [34], as described previously [23]. Each mu-
tation was confirmed in at least two independent
clones carrying DNA fragments from separate PCR
experiments to be sure the nucleotide changes were
not a result of an error by the DNA polymerase.

2.5. Extraction of eye colour pigments from
D. melanogaster

Modified small-scale methods described previously
[35,36] were used to extract xanthommatin and dro-
sopterin pigments, respectively, from adult, 10-day-
old D. melanogaster. The ages of flies used for ex-
traction of pigments were standardised to 10 days
old since eye colour changes as the fly matures.
For extraction of xanthommatin pigments, 20 adult
heads were homogenised in 0.3 ml of 2 M HCI using
a small homogeniser. The homogenate was trans-
ferred to an Eppendorf tube and vortexed intermit-
tently with 0.4 ml n-butanol and 1 mg sodium meta
bisulphite for 10 min. The tube was then centrifuged
in an Eppendorf bench top centrifuge for 2 min and
200 pl of the upper (butanol) layer was removed and
the absorbance measured at 492 nm. n-Butanol was
used as a blank. For extraction of drosopterin pig-
ments, 10 adult heads were homogenised in a 1:1
mixture (0.4 ml each) of 0.1% aqueous ammonia
and chloroform using a small homogeniser. The ho-
mogenate was transferred to an Eppendorf tube and
centrifuged for 2 min. A 200-ul portion of the upper
(aqueous) phase was removed and the absorbance

Table 2

measured at 485 nm. Aqueous ammonia (0.1%) was
used as a blank. Duplicate xanthommatin and dro-
sopterin extractions were performed. Duplicate read-
ings were averaged and results were expressed as a
percentage of the of absorbance readings obtained
from extractions from heads of the D. melanogaster
wild-type strain Canton-S. The heads of the D. mela-
nogaster strain w///® which lacks pigmentation were
used as a negative control.

2.6. Protein sequence alignments

Sequence comparisons were performed using Clus-
talW alignment program [37]. The settings used were
as follows. Pairwise alignment mode: slow. Pairwise
alignment parameters: open gap penalty 10; delay
divergent 40%; extend gap penalty 0.1; gap distance
2; similarity matrix used was blosum. Multiple align-
ment parameters: open gap penalty, 10; extend gap
penalty, 0.1; delay divergent, 40%; gap distance, 2;
similarity matrix, blosum. Protein sequences for
HisP [38], Snq2 [39], Pdr5 [40], Bfrl [41], human
CFTR [42] and human MDR1 [43,44], were obtained
from the SwissProt data base. The predicted trans-
membrane domains were obtained from the Swiss-
Prot data base and checked for validity by hydro-
pathy analysis [45]. For the Snq2 protein, a further
three potential transmembrane o-helices were pre-
dicted, encompassing the following amino acids:
523-541; 556-572 and 628-647, on the basis of hy-
dropathy analysis and homology between Snq2, Bfrl
and Pdr5. Positions of potential transmembrane heli-
ces for White, and Brown were taken from previ-
ously reported topological model of these proteins
[23].

Point mutations identified in the white gene of D. melanogaster eye colour mutants

White allele Mutation in DNA? Amino acid change

Predicted location in protein

wiol T to G (3270) Leu-49 to Arg
G to A (3925) Gly-243 to Ser
wer C to A (4090) His-298 to Asn
wef GC to AA (5315) Gly-589 to Glu
T to G (3270) Leu-49 to Arg
e TT to GG (5317) Phe-590 to Gly
w7 G to A (5075) Gly-509 to Asp

Nucleotide binding domain

Nucleotide binding domain
Transmembrane helix 5

Transmembrane helix 5
Intracellular loop between transmembrane helices 2 and 3

“Mutation sites are numbered with +1 as the A of the translation start codon in the published white genomic DNA sequence [3].
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3. Results

3.1. Amino acid substitutions and eye colour pigment
levels in the white alleles w', and w* : mutations
affecting transmembrane spanning helix 5 of the

white protein

The coding region for the white gene was amplified
from genomic DNA isolated from the fly strains w¥,
and w*. The strategy for PCR and sequencing is
illustrated in Fig. 1. The gene was amplified as two
PCR fragments to avoid the large non-coding region
of 3.1 kilobases between Exons I and II. The PCR
products produced from the two PCR reactions were
analysed on a 0.9% agarose gel and shown to have
the predicted sizes (Fig. 1). The PCR products were
cloned and sequenced as described in Section 2. The
sequences obtained from the cloned PCR products
were compared to the published wild-type white ge-
nomic [3] and cDNA [4] sequences.

Two nucleotide changes affecting the amino acid
sequence were identified in w¥: GS589E, and L49R
(Table 2). The G589E substitution is predicted to
occur at the C-terminal end of putative transmem-
brane spanning o-helix 5 of the protein structure
modelled previously [23] and illustrated diagram-
matically in Fig. 2. L49R occurs near the amino
terminus in a region which is not conserved in amino
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acid sequence among ABC transporters, nor homo-
logs of white in other species [46].

The pigment levels of flies carrying the w9 allele
were assayed and the drosopterin levels (red pig-
ments) were found to be 29% of wild-type levels,
while the xanthommatin (brown pigments) were
found to be 64% of wild-type levels (Fig. 3). These
pigment levels result in the eye colour phenotype
depicted in Fig. 4. This result indicates that the mu-
tation identified in w¥ reduces the function of the
guanine transporter, while having a lesser effect on
the tryptophan transporter.

In the w™ allele, only one nucleotide change was
identified which altered the amino acid sequence and
this resulted in the substitution F590G. This residue
is adjacent to G589 which has been substituted in the
w allele (see above). F590 is located on the extra-
cellular, C-terminal end of transmembrane helix 5 in
the White protein model [23] (see Fig. 2). The dro-
sopterin pigments in flies carrying the w*" allele were
4% of wild-type, while the xanthommatin level was
79% (Fig. 3). These pigment levels result in the eye
colour phenotype depicted in Fig. 4. This result sug-
gests that the F590G substitution has caused a sig-
nificant loss of function of the guanine transporter,
while the tryptophan transporter function is at near
wild-type levels.

1 kb
i : H EE 1 2 3

Primers for PCR: -7 _v -7 V/ // : H -

white gene structure: E] 7/ Ea /z Eza E A s O
| nomw vV 2,036 -
1,018 -
PCR Products: H = E E H 506 -
220 bp 2624 bp 201 -

Sequencing Strategy: e

Prg—g—

Fig. 1. Strategy for amplification, cloning and sequencing of white gene fragments from genomic DNA. Coding regions of the white
gene were amplified by PCR as two DNA fragments using genomic DNA prepared from mutant fly strains as template DNA as de-
scribed in Section 2. Exon 1, a 220-bp fragment was amplified using primers 91-134 and 91-135. Exons 2-6, a 2624-bp fragment was
amplified using primers 91-136 and 91-73. Each primer had a recognition sequence for restriction by either EcoRI(E) or HindIII(H)
incorporated at their 5’-ends to allow subsequent cloning of the PCR-generated fragments into pBluescript SK* for sequencing. The
additional primers used and the indicated sequencing strategy allowed the complete sequence of all white exons to be determined. The
inset gel photograph shows the PCR products generated from DNA from flies containing the w** allele: lane 1, molecular weight
markers with sizes (kb) shown to the right; lane 2, exon 1 fragment; lane 3, the exons 2-6 fragment. Similar results (not shown) were

obtained for amplifications of w/?’, we", wE®7 and w.
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3.2. Amino acid substitutions and eye pigment levels
of white alleles w", w'' and w¥®’ : mutations
predicted to be within regions of the White
protein located in the cytoplasm

The coding regions of the three white alleles: w*",
w!% and wf®” were cloned and sequenced as de-
scribed for w¢ and w*. The only alteration to amino
acid sequence found in the w*" allele was the substi-
tution H298N. This histidine residue is within the
cytoplasmic ATP binding domain and is highly con-
served among ABC transporters. The pigment levels
in flies carrying this allele are significantly reduced,
with drosopterins 11% of wild-type and xanthomma-
tins 19% of wild-type levels (Fig. 3). These pigment
levels result in the eye colour phenotype depicted in
Fig. 4.

In the w/ allele, two nucleotide changes were
identified which altered the amino acid sequence:
G243S and L49R. Both of these residues are located
within the ATP binding domain. G243S alters a
highly conserved residue within the ABC transporter
‘signature sequence’. This motif and the position of
(G243, is shown in the sequence alignment in Fig. 5A

White subunit Brown subunit

Qutside r)
‘ F5.90 ‘

- .
Ggd9 G578 N638

COOH OOOH

Inside  Cell

H

Fig. 2. Model of the topology of the protein products encoded
by the white and brown genes of D. melanogaster. This figure is
a simplified representation of the published model [23] and il-
lustrates the relative positions of the amino acids which are al-
tered due to mutations in the white gene affecting eye colour
described in this paper. In addition, the previously reported
mutations in the brown gene [23] (referred to in the text), bw!?
(G578D) and bw’ (N638T) are also shown. The grey-filled verti-
cal rods represent putative membrane spanning o-helices; circles
represent the ATP binding domains; lines connecting the trans-
membrane helices represent intra- or extra-cellular loop regions.

100- I Xanthommatin (brown) |
1 Drosopterin (red)

75 - _
50- _
25 ﬂ i
N I (sl

wef

werr wsat wEt87
G589E H298N F590G G509D
white allele

Fig. 3. Comparison of levels of eye colour pigments xanthom-
matins (brown pigments) and drosopterins (red pigments) ex-
tracted from the compound eyes of flies carrying mutant white
alleles. Eye colour screening pigments were extracted from adult
10-day-old flies as described in Section 2. Pigment levels are ex-
pressed as a percentage of the optical densities obtained for pig-
ment extractions from the wild-type D. Melanogaster strain
Canton-S. Duplicate values from duplicate extractions were ob-
tained and the mean used in the histogram. The error bars rep-
resent the standard error of the mean.

% of wild type

(G243 is encircled). The L49R substitution resides
near the amino terminus within the cytoplasmic do-
main of the protein and the same change was also
identified in the w¥ allele. The pigment levels of flies
carrying the w!/?’ allele could not be assayed because
flies were not available. However, the eye phenotype
is reported to be partially pigmented [47].

In the w®®7 allele, the only nucleotide change iden-
tified resulting in a change in amino acid sequence
was the substitution G509D. This residue is located
in the transmembrane domain in a predicted intra-
cellular loop between transmembrane helices 2 and 3
of the proposed White protein structure [23] (see Fig.
2). Both pigment levels of flies carrying this allele are
dramatically reduced: drosopterins were 0.2% and
xanthommatin were undetectable (Fig. 3). These pig-
ment levels result in the eye colour phenotype de-
picted in Fig. 4.

3.3. Protein sequence alignments of HisP and multiple
drug resistance proteins with White, Scarlet and
Brown proteins of D. melanogaster

Protein sequence alignments were performed as
described in the experimental procedures using the
ClustalW program [37]. The ATP binding domain
of White, Scarlet and Brown were aligned with the
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wt st, w, bw

wCrr

wEt87

Fig. 4. Eye colour phenotypes of wild-type D. melanogaster and mutant strains carrying mutant white alleles. The top photograph rep-
resents eye colour of wild-type (left) and mutant D. melanogaster carrying null mutations in scarlet (top), white (right) and brown (bot-
tom). The four photographs labelled w**, w¥, w" and w¢ represent the eye colour of flies carrying the respective allele.

nucleotide binding domain of the Salmonella typhi-
murium histidine transporter, HisP [38]. The con-
served sequence motifs Walker A, Walker B and
ABC transporter signature motif aligned in a similar
way as performed previously for other ABC trans-
porters (data not shown) [8,42]. Fig. 5B shows the

aligned sequences including H211 of HisP which
aligns with H273 of Scarlet, H291 of Brown and
H298 of White, the latter corresponding to the
H298N mutation identified in w".

An alignment of yeast multiple drug resistance
proteins Bfrl, Pdr5 and Snq2 from yeast and with
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A

White 241 )G E R K[R|L A F
Scarlet 216 MEJG|I[EE R K[R|L A F
Brown 167 MGl E R K R|L s L]
MDR1 NBD2 1196 PESIG(EJO K Q RIT A I
MDR1 NBD1 531 [MESAG/[eO K QR|T A T
CFTR NBD2 1366 [Ny H HKQLMC
CFTR NBD1 548 Ls QRAEISL
HisP 154 MRG0 Q QR|V S I
B

Scarlet 266 TTILCTIRBOPSSOLFDNTF

Brown 28 KAAICSIEIQOPTSDIFELF301

White 291 KTVILTIBEBOQPSSELFELTF 308
TMVVVTBMEMG-FARHVS

HisP 204 K

Cc

Brown 562EECE|APFDEIIFEIIE|GS78 T™M5

Scarlet 553 K\ AYVPQDYIFMITEIS69 ™S

White 573BLsverppvIiIPFLLEFcES589 M

Snq2 661 IANSISGILMMSISMYEBTG®677 ™5

sngz 1333 NvIifcerLcLsFuMEsFc 1349 ™1

Bfrl+ 682ALGGIGVE]AIAIYT698 ™5

Bfrl+ 1367 LN VVNSLLFTFVITENIBBBTMll

Pdr5 666VP|§SMLLBALSMYT682 TM5

pdrs5 1355 AANLBAsLFTMsOsEcE 1371 ™Mi0

D

Brown 483 VGEGTYEILS@YYVE' 498 (2-3)
Scarlet 474 A T R(S|G L |Y| TGQYYA 489 (2-3)
White 494 @I A RISSRLYJRCDTYFLG 509 (2-3)
Ssng2 1253 LB S QIS NMFHWSLVLIT 1268 (9-10)
PAr5 1269 RPSRTFE’WISFIFE 1284 (7-8)
Bfrl 1284 LEEARPlSINIMEIwVEFVFS 1299 (8-9)

Fig. 5. Protein sequence alignments of White, Scarlet and Brown proteins with HisP and yeast multiple drug resistance proteins. The
multiple alignments were performed as described in Section 2. Numbers on the left- and right-hand side of the protein sub-sequences
indicate the amino acid residue number as published in the SwissProt database. (A) Alignment of the ABC transporter ‘signature se-
quence’ of White, Scarlet, Brown, human MDR1 and human CFTR discussed in the text. (B) A region of the nucleotide binding do-
main of White, Scarlet, Brown and HisP harbouring a highly conserved histidine residue. (C) Alignment of transmembrane helices
(TM) 5 of White, Brown and Scarlet from D. melanogaster and transmembrane regions of yeast multiple drug resistance proteins. The
TM the sub-sequence represents — where TM 1 is equivalent to the first potential TM helix from the amino terminus of the protein, is
indicated on the far right hand side of the respective sequence. (D) Alignment of loop regions between TM helices 2 and 3 of White,
Brown and Scarlet from D. melanogaster and loop regions of yeast multiple drug resistance proteins.

White, Scarlet, Brown from D. melanogaster revealed
homology between putative transmembrane helix 5 of
White, Scarlet and Brown and TM (transmembrane
spanning region) 5 and 11 of Bfrl, TM 5 and 10 of
Pdr5 and TM 5 and 11 of Snq2. The sequence align-
ment of these regions is shown in Fig. 5C. Most
notable are the 100% conserved A at the N-terminal
region and G at the C-terminal region of 8 of the
9 aligned sequences. The conserved A and G are
separated by 15 amino acids in all cases. Other res-
idues showing some degree of homology are also
highlighted in Fig. 5C.

The sequence alignment of the above-mentioned
proteins also revealed a conserved arginine-gluta-
mate pair within a region predicted to form a loop
between two TM helices. This region of homology is
shown in Fig. 5D. This loop corresponds to the loop
between TM 2 and 3 of White, Brown, Scarlet; TM 8
and 9 of Bfrl which is an intracellular loop analo-
gous to the loop of the White, Scarlet and Brown
proteins; TM 9 and 10 of Snq2 which is predicated
to be an extracellular loop region; and TM 7 and 8
of Pdr5 which is also extracellular. Other residues in
this region which show some degree of homology
between the White-related proteins and the yeast
proteins are highlighted in Fig. 5D.

4. Discussion

The White protein of D. melanogaster is an unusu-
al member of the ABC transporter family in that it is
a subunit of two different transporters: the combina-
tion of White and Brown subunits makes a guanine
transporter, while the combination of White and
Scarlet subunits forms a tryptophan transporter.
The fact that each of these transporters is required
for deposition of red or brown pigments, respec-
tively, in Drosophila eyes, makes eye colour pheno-
type a convenient way to monitor the function of
white alleles [48]. The five mutant white alleles ana-
lysed in this work were selected from amongst many
of the known white alleles on the criterion of partial
eye pigmentation. Our expectation was that such
non-knockout phenotypes would be caused by rela-
tively small mutations in the gene that might reveal
individual amino acids in the White protein with
functional roles.

In the work presented here, DNA sequence anal-
ysis of the w”, w w9 w!%" and wET® alleles has
identified point mutations which alter amino acids in
the encoded White protein. As will be discussed be-
low, five of these changes affect residues in regions or
motifs conserved among members of the ABC trans-
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porter superfamily. The mutations G243S in w!?’

and H298N, in w", affect motifs within the nucleo-
tide binding domain and correlate with reduced func-
tion in both of the White-containing transporters.
Similarly, the mutation G509D in wf”, located in
the cytoplasmic loop between helices 2 and 3, se-
verely reduces function of both transporters. In con-
trast, however, the mutations G589E and F590G in
w¥ and w*“, respectively, affect function of the
White/Brown guanine transporter more than the
White/Scarlet tryptophan transporter.

From these and previous [23] results, we conclude:
(1) that proper functioning of the nucleotide binding
domain of the White subunit is essential to activity
of both transporters; and (2) that the transmem-
brane helix 5 of the White subunit has different roles
in the mechanisms of the two different transporters.
These mutations are discussed further below in rela-
tion to the effects of identical or similar mutations in
other ABC transporters.

4.1. Mutations in transmembrane helix 5

In addition to the mutations G589E and F590G
reported herein, we have previously reported two
other mutations in TM 5 of the White subunit —
also identified in partially pigmented flies — which
preferentially inhibit guanine transport rather than
tryptophan transport. An adjacent mutation
(G588S) in the white allele w€?? [23] (see Fig. 2)
was shown to affect guanine transport when in com-
bination with either of the brown alleles bw® or bw’>?
which also have amino acid substitutions in the ex-
tracellular ends of transmembrane helix 5 or trans-
membrane helix 6, respectively (see Fig. 2). Function-
al interaction between the transmembrane helix 5/
transmembrane helix 6 regions of both the White
and Brown subunits has been suggested previously
[23]. Tt is interesting to note the gradation of effect
on red pigmentation, with w®? (588) having the
least affect, w¥ (589) having an intermediate affect
while w* (590) has the greatest affect. The functional
significance of transmembrane helix 5 for guanine
transport was also highlighted by the previously re-
ported (Alle-581) mutation of the white allele w5"*
[23] which completely abolished the presence of red
pigments, while brown pigment synthesis was unaf-
fected. The clustering of the mutations near the ex-

tracellular surface of the membrane in the predicted
structure supports the suggestion that this region is
associated with the function of the mouth of a pore
specific for guanine and that helix 5 of the white
encoded subunit interacts with helices 5 and 6 of
the brown encoded subunit in formation of the gua-
nine specific transporter [23]. Since these mutations
in White TM 5 affecting guanine transport have little
effect on tryptophan transport, it can be concluded
that TM 5 of White is not intimately involved in
tryptophan transport.

It has been reported in both the P-glycoprotein
system and CFTR that the substrate specificity func-
tion resides in the transmembrane domain. There is
biochemical evidence to suggest that transmembrane
helices 5, 6, 11 and 12 are involved in drug binding
and specificity in P-glycoprotein [49,50]. In CFTR,
residues within and flanking transmembrane helix 6
have been proposed to line the ion conducting chan-
nel [51-53] and influence halide ion specificity [54].

It was recently reported that the White, Scarlet
and Brown proteins’ closest relatives based on se-
quence homology of the nucleotide binding domains
include the yeast drug resistance proteins Snq2, Bfrl
and Pdr5 [55]. In order to investigate possible homol-
ogy between the transmembrane domains of these
proteins, a sequence alignment was performed and
a number of conserved residues were noted. In par-
ticular, TM 5 of White, Scarlet and Brown show
marked homology to Pdr5, Bfrl and Snq2 which is
highlighted in Fig. 5C. Of particular interest is the
100% conserved Gly which corresponds to the
G589E mutation. This observation is suggestive of
a conserved structural/functional element.

4.2. Mutations in intrahelical loops

Cytoplasmic loops have been reported to be func-
tionally important in a number of ABC transporters,
including CFTR [56,57], ALDp[17] and P-glycopro-
tein [49,58] The mutation G509D identified in wf%”
which causes almost complete knock-out of pigment
levels compared to wild-type, occurs within the cyto-
plasmic loop between transmembrane helices 2 and 3
of the predicted structure of the white-encoded sub-
unit (see Fig. 2). Sequence alignment to other ABC
transporter subunits (Fig. 5D) reveals a conserved
glutamate in this loop that in White precedes an
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alanine residue. Thus, we proposed that this loop
region may be analogous to cytoplasmic loops con-
taining the EAA or EAA-like motifs identified in
other ABC transporters, where evidence indicates
that this region performs an important structural
and/or functional role at the interface between the
transmembrane domain and ATP binding domain
[24-26,59]. In the White protein, G509 is adjacent
to K510 and it may be that the G509D substitution
causes neutralisation of the positive charge thereby
eliminating possible functionally important electro-
static interactions between this residue and the
ATP binding domain.

4.3. Mutations in the nucleotide binding domain

Three of the mutations identified in the mutant
white alleles were located in the nucleotide binding
domain of the white encoded subunit. In w!%, two
mutations were found, G243S and L49R. The w!"’
mutation G243S (underlined in the sequence below)
is located within the highly conserved °‘signature
sequence’ which has the consensus sequence
‘LSGGQXXXRHyXHyA’, (Hy is any hydrophobic
residue, and X is any residue) and is shown in Fig.
5A. The replacement of the single hydrogen atom of
glycine with the polar hydroxyl moiety of serine with
hydrogen bonding potential represents a significant
alteration in residue size and chemistry. Mutations
within this motif have been characterised in a num-
ber of systems and show that this sequence is impor-
tant both for transport function, protein expression
and stability, as well as substrate specificity [11,18-
22,60,61].

Recently, the crystal structure of the ATP binding
subunit of the histidine permease of Salmonella ty-
phimurium has been solved [62]. Part of the signature
motif in this crystal structure forms the first half of
an o-helix (o5) within a region of the protein desig-
nated arm II and which interacts with the membrane
domains HisQ and HisM. According to this struc-
ture, only the residues LSGGQ (residues 154-158 in
HisP) are partially exposed to the cytoplasmic side of
the protein [62]. A role in the structural integrity of
the folded HisP molecule was suggested [62]. It is
interesting to note that the a5 helix of the HisP crys-
tal structure is mostly buried between the o-helices of
arm II of the protein, however, it is physically con-

nected via a loop to the B-strand harbouring the
highly conserved aspartic acid believed to be in-
volved in co-ordination of Mgt during ATP binding
and hydrolysis [62]. Conformational changes which
occur upon ATP binding and/or hydrolysis may well
be propagated via this connection to the arm II pro-
posed to interact with the membrane domains HisQ
and HisM.

The second mutation identified in the w!? allele,
L49R, is located near the N-terminus of the protein
in a region which is not conserved in primary se-
quence among ABC transporters. This mutation is
also found in the allele w¢. We suspect this mutation
does not occur in a region of the protein important
for function and may be a strain dependent polymor-
phism. However, it is possible that the mutation con-
tributes to the mutant phenotype and this would
need to be confirmed in transgenic flies where the
effect of this mutation alone can be assessed.

The mutation identified in w*”", H298N changes a
histidine residue in the ATP binding domain which is
highly conserved in ABC transporters, but not other
nucleotide binding proteins. In the sequence align-
ment in Fig. 5A, it can be seen that H298 of White
aligns with H211 of HisP which, according to the
crystal structure of HisP, is involved in hydrogen
bonding to y-phosphate of ATP via a water molec-
ular (wat-415) which is adjacent to the water mole-
cule proposed to be the attacking water during ATP
hydrolysis (wat-437) [62]. It is interesting to note that
when H211 of HisP is mutated to either D, R or Y,
transport function is abolished, while ATP binding is
not affected. Thus, the mutation may affect ATP
hydrolysis or conformational changes subsequent to
ATP binding [11].

Overall, the mutations identified in the NBD of
White result in an approximately equal decrease in
function of both the transporters involving the White
subunit. This observation is consistent with studies of
P-glycoprotein indicating a strong cooperative inter-
action between the two nucleotide binding domains
[63]. It was proposed that the two nucleotide binding
sites undergo sequential or alternating cycles of ATP
hydrolysis [64,65] which is consistent with the effect
of the H298N mutation since if ATPase activity at
the White nucleotide binding site is reduced, this
would consequently reduce the ATPase activity of
both the Brown and Scarlet nucleotide binding sites
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to the same degree. It has been previously reported
that mutation of G135 and K136 to LQ within the
nucleotide binding fold motif of the white gene is
unable to complement eye colour in recipient trans-
genic flies with a defective white gene [23]. Hence, the
function of the White ATP binding domain is essen-
tial for the transport of both guanine by the White/
Brown complex, and tryptophan by the White/Scar-
let complex.

In summary, a cluster of mutations have been
identified at the extracellular end of transmembrane
helix 5 in the alleles w¥ and w** and the previously
reported w¢?? [23] which predominantly affect gua-
nine transport (i.e. red pigments have been reduced
substantially) while the tryptophan transporter has
retained function almost at wild-type levels (i.e.
brown pigment levels are near wild-type levels). In
contrast, mutations identified in the cytoplasmic
ATP binding domain of the White protein decreased
the function of both the guanine and tryptophan
transporters to a similar degree. This was also the
case for the w¥®” mutation which occurs in an intra-
cellular loop of the transmembrane domain predicted
to couple signals from the ATP binding domain to
the transmembrane domain. The next step is to de-
velop a model system which could be used to gain
further insights into the effects of these mutations on
rates of transport, substrate binding, and effects on
ATP binding and hydrolysis.
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