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Abstract

Little is known about the roles of aldehyde dehydrogenases in non-vertebrate animals. We recently
showed that in Drosophila melanogaster, an enzyme with ~70% amino acid identity to
mammalian ALDH2 is necessary for detoxification of dietary ethanol. To investigate other
functions of this enzyme, DmALDH, encoded by the gene Aldh, we compared two strains
homozygous for Aldh-null mutations to two closely related wild type strains in measures of fitness
and stress resistance in the absence of ethanol. Aldh-null strains have lower total reproductive rate,
pre-adult viability, resistance to starvation, and possibly longevity than wild-type strains. When
maintained under hyperoxia, Aldh nulls die more quickly and accumulate higher levels of protein
carbonyls than wild-types, thereby providing evidence that DmALDH is important for detoxifying
reactive aldehydes generated by lipid peroxidation. However no effect of Aldh was seen on protein
carbonyl levels in flies maintained under normoxia. It is possible that Aldh nulls experience
elevated rates of protein carbonylation under normoxia, but this is compensated (at a fitness cost)
by increased rates of degradation of the defective proteins. Alternatively, the fitness defects of
Aldh nulls under normoxia may result from the absence of one or more other functions of
DmALDH, unrelated to protection against protein carbonylation.
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1. Introduction

Mammalian mitochondrial Aldehyde Dehydrogenase (ALDH2, EC 1.2.1.3) is well known
for its role in detoxifying acetaldehyde derived from dietary ethanol [1-3]. Recently a
homolog of mammalian ALDH2 was described from Drosophila melanogaster that is
similarly essential for metabolizing ethanol, which can occur in significant quantities in the
decaying fruit on which this species feeds. Flies lacking the enzyme, DmALDH, are killed
when fed ethanol concentrations that are easily tolerated by wild-types [4]. DMALDH has a
predicted mitochondrial leader sequence, and the gene encoding it, Aldh, is highly expressed
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in every adult and larval tissue examined [5]. The predicted protein shares a high sequence
identity (60%—70%) with mammalian members of the ALDH1/ALDH2 family.

The high degree of conservation between Drosophila and mammalian ALDHs suggests that
these enzymes have fundamental roles in detoxification or metabolism unrelated to
catabolism of ethanol, significant quantities of which are probably not encountered by most
members of the animal kingdom. Drosophila provides an excellent system for investigating
these roles, not only because of its experimental tractability, but because ALDHSs have
undergone less extensive gene duplication in Drosophila than in mammals [6]. Notably,
DmALDH has a higher amino acid identity to each of five human ALDHs (ALDH2, 1B1,
1A1, 1A2, and 1A3) than to any other ALDH in the Drosophila genome. Thus the effects of
knocking out Aldh are less likely to be compensated by genes with redundant function than
is the case with mammals. An additional advantage of studying Drosophila is that there is
currently little information on the in vivo functions of ALDHSs in any invertebrate animal.

One of the major functions of ALDH2 and some other ALDHSs in mammals is believed to be
detoxification of aldehydes formed by the peroxidation of polyunsaturated fatty acyl groups
of phospholipids present in the mitochondrial membrane [7, 8]. These self-propagating
peroxidation reactions are initiated by the hydroxyl radicals produced within the
mitochondria which ultimately produce various reactive aldehydes, alkenals and
hydroxyalkenals. Many of these aldehydes are cytotoxic in nature due to their reactivity
towards proteins. The proteins are rendered inactive or damaged by covalent modification
(carbonylation) of amino acid side chains -- for example, the sulphydryl group of cysteine,
the imidazole ring of histidine and the e-amino group of lysine -- by the aldehydes [9]. The
biological effects of such damage include but may not be limited to inhibition of DNA and
protein synthesis, as well as inactivation of mitochondrial enzymes such as the pyruvate
dehydrogenase complex and cytochrome C oxidase, and alterations in gene expression [10—
12]. Absence of ALDH?2 activity leads to a higher accumulation of carbonylated proteins
due to arise in the levels of reactive aldehydes, which may lead to the development of
pathological conditions [7,13]. It is possible that DMALDH, being a homolog of ALDH?2, is
carrying out a similar function in Drosophila.

Prompted by the above considerations, we examined whether Drosophila lacking DmALDH
show defects consistent with an important role of this enzyme in the detoxification of lipid
peroxidation products. First, we examined the effects of DmALDH on the overall “health”
of flies by comparing reproductive rate, longevity, and starvation resistance of flies lacking
DmALDH to those of closely related wild-type flies. Second, we tested whether Aldh-null
flies show increased sensitivity to hyperoxia, as predicted if DMALDH is involved in
detoxifying lipid peroxidation products. Finally, we compared levels of protein
carbonylation in mitochondrial protein extracts of Aldh-null and wild-type flies, when reared
under both normoxia and hyperoxia.

2. Materials and methods

2.1 Stocks and rearing conditions

For all experiments, we used two Aldh null mutants produced by imprecise excision of a P
transposable element (lines 17 and 24 of [4]), and two control lines with precise excisions of
the P-element (lines 14 and 26). The deletions in the mutant lines remove the first 41 codons
of the gene, and reduce ALDH activity of whole fly homogenates with acetaldehyde as a
substrate to about 10% of that of the controls [4]. The level of residual ALDH activity is
similar between line 17, which produces an aberrant transcript, and line 24 [4]; this suggests
that both mutants are true nulls, and that the residual activity comes from one or more other
ALDHs in the genome.
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We found the original lines to be difficult to rear in large numbers, in part because they had
three visible markers on their second chromosomes [4]. Prior to the experiments reported
here, therefore, we crossed off two of the markers, leaving only the black body color marker.
This was done by crossing each line to a strain carrying a deletion encompassing Aldh and
nearby genes, but lacking the markers. Chromosomes bearing only the black marker, but
lacking the deletion (as assessed by homozygous viability) were recovered and used to
establish three sublines from each line, each derived from a different recombination event.
These sublines were used shortly thereafter for the starvation resistance experiment. Because
the genetic backgrounds (first, third and fourth chromosomes) of these original sublines
contained a mix of material from the stocks used to construct them, we subsequently
replaced their first and third chromosomes with those from a balancer stock bearing the
visible marker veinlet on the third chromosome [14] (the small fourth chromosome was not
controlled in these crosses, but comprises <1% of the D. melanogaster genome). These more
genetically homogeneous sublines were used for all the other experiments described here.

Flies were reared in shell vials containing approximately 10 ml of cornmeal-molasses-dead
yeast medium, and handled under light CO, anesthesia. Except for the hyperoxia
experiments, flies were maintained in a walk-in environmental chamber at 25°C and 60—
70% relative humidity, under continuous lighting. The hyperoxia experiments were
conducted on a laboratory bench at 21-23°C.

2.2 Total fitness and pre-adult viability

We used the balancer-equilibrium method of Sved and Ayala [15] to compare total fitness
(reproductive success, averaged over sexes, including the effect of pre-reproduction
mortality) of Aldh-null and control genotypes when reared under crowded conditions. This
method takes advantage of balancers, chromosomes with multiple inversions that effectively
suppress recombination with non-inverted homologues, one or more dominant visible
markers, and one or more recessive lethals. If “Bal” denotes a balancer chromosome and
“+;” a single non-inverted homologue, populations started from Bal/+; flies will usually
come to an equilibrium in which Bal/+j and +j/+; flies are present in a characteristic ratio.
This occurs because the heterozygous (Bal/+;) genotype has higher fitness than either
homozygous genotype: the Bal/Bal combination is lethal, while the +j+; combination
creates homozygosity for deleterious recessives that are present on all wild-type
chromosomes. The relative proportions of Bal/+; and +j/+; in zygotes at equilibrium can be
used to calculate the fitness of the +;/+; genotype as a proportion of that of the Bal/+;
genotype. Furthermore, because most mutations have much larger fitness effects as
homozygotes than as heterozygotes, the fitness of balancer heterozygotes with different +
chromosomes (e.g., Bal/+j and Bal/+j) can be safely regarded as roughly equivalent. Thus, a
difference in the relative fitness of two +/+ genotypes is likely to stem largely from a
difference in their absolute fitness.

We used the CyO balancer, containing the dominant markers Curly (wings) and Rough eye.
To establish each population, CyO/+ij, females were crossed to CyO/+ij males; here, i
represents Aldh genotype (mutant or wild-type), j represents line (17 or 24 if mutant, 14 or
26 if wild-type), and k represents subline within line (1, 2 or 3), with k # k’. This was done
for each of the six possible pairs of sublines within lines, creating a total of 24 populations,
divided equally into two blocks initiated one week apart (crosses used to establish the
second block were the reciprocals of those used to establish the first block; one population
was later discarded due to contamination). We chose to establish populations by hybridizing
sublines in order to minimize the effects of random deleterious mutations unique to each
subline. This choice has the disadvantage, though, of creating non-independence between
the populations derived from the same line. As a result, statistical analyses are based on
means of the populations for a given line.
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Each initial cross consisted of six vials with six females and 4-5 males per vial. Flies were
allowed to lay eggs for three days and were then removed. Thirteen days after the vials were
set up, emerged Curly and non-Curly flies were counted, and flies from all six vials were
mixed in an empty bottle. Approximately 40 flies from the bottle were then distributed,
irrespective of genotype, into each of six holding vials, with leftover flies discarded. After
one day of feeding and mating, flies in the holding vials were transferred to new vials to lay
eggs for the next generation. This cycle was repeated for nine generations, by which time the
frequencies of Curly and non-Curly flies had roughly stabilized.

To estimate relative fitness of the +/+ flies (note that “+” in this context refers to the absence
of the balancer, not Aldh genotype), it is necessary to estimate the equilibrium zygotic
frequencies of the Cy/+ and +/+ genotypes, which are likely to differ from the frequencies
among adults [16]. This was done by allowing flies from the final generation of each
population to lay eggs at a low density (10 pairs of flies in each of three half-pint bottles
containing 30 ml of food, with +/+ and Cy/+ flies chosen in proportion to their abundance in
the population), with the goal of reducing differential mortality before progeny were scored.
Because some differential mortality could still have occurred under these conditions, we
separately estimated the relative survival of +/+ to Cy/+ genotypes for each population by
setting up similar bottles with only Cy/+ males and virgin females. Emergees from both sets
of bottles were counted up until day 17, by which time almost all flies had emerged. As
shown by Sved [16], if the proportions of Curly flies among the emergees from the first and
second type of bottles are denoted by h and r, respectively, the relative fitness of +/+ to Cy/+
flies can be estimated as (r — h)/[r (1 - h)].

Although the main goal of this experiment was to compare the total fitness of Aldh-null and
wild-type flies, the proportions of Curly flies among the emergees from the founding crosses
and from the Cy/+ x Cy/+ crosses at the final generation can be used to compare pre-adult
viability of Aldh-nulls and wild-types at medium and low larval densities, respectively. In
the absence of differential mortality, both crosses would be expected to produce a ratio of
one +/+: two Cy/+ among the adult progeny; thus the survival of +/+ relative to Cy/+ larvae
can be estimated as twice the ratio of non-Curly to Curly emergees. In calculating the final
generation viability estimates, we ignored flies which emerged after day 13, in order to
make these estimates more directly comparable to those from the first generation. Because
not all flies had emerged by day 13 in either case (although most had), these viability
estimates may partly reflect differences in development time, with slower development
appearing as lower viability.

2.3 Starvation resistance, longevity, and hyperoxia resistance

Starvation resistance, longevity, and hyperoxia resistance were measured on male flies held
in groups of ten per vial. To measure starvation resistance, 3-8 day old flies were placed in
vials containing a small cotton ball moistened with two ml of distilled water. Six such vials
were set up per subline, and mortality was scored every 12 hours until all flies had died.
Longevity was measured by placing newly-emerged males in vials containing normal
medium, with eight vials per subline; flies were transferred without anesthesia to new vials
every three days and mortality scored daily until all flies had died.

Hyperoxia resistance was measured by placing 0-2 day old flies in vials with medium, with
2-4 vials per subline. One day later, the vials were placed inside a glove bag (Glas-Col,
Terre Haute, IN) with an inlet tube through which 100% oxygen entered from a tank. After
the bag inflated, oxygen concentration, as determined by an oxygen meter (Extech
Instruments, Waltham, MA), was maintained in the range 90-100%. Flies were transferred
to vials with fresh medium after the second day and survival recorded after the third day.
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2.4 Protein carbonylation assay

Total carbonylated protein content was measured on protein extracts from male flies using 2,
4-dinitrophenylhydrazine [17]. The extraction procedure used was designed to enrich the
mitochondrial protein fraction, although some proteins from other sources may have been
present. Flies (100/sample) were homogenized in 1 ml isolation buffer (.25M sucrose,
10mM Tris, pH 7.4, 1 mM EDTA, 1% BSA) with protease inhibitor cocktail (Roche
Complete Mini Protease Inhibitor, Roche Applied Science). The homogenized fly extract
was filtered through an 11um pore size nylon membrane (Millipore, cat. no. NY1104700)
and the filtrate was centrifuged at 150¢g for five minutes. The supernatant was saved and
streptomycin sulfate solution was added to a final concentration of 1%. After incubating for
15 minutes the extract was centrifuged at 11,000g for ten minutes. A 200 ul aliquot of
supernatant was placed in each of two 2 ml microcentrifuge tubes; 800ul of 10mM DNPH
(Sigma-Aldrich) solution in 2M HCI was added to one tube (sample) and 800ul 2M HCI was
added to the other (standard). Both standard and sample tubes were incubated for one hour
at room temperature in the dark with occasional mixing, after which 1 ml 20%
trichloroacetic acid was added to precipitate proteins. Sample and standard tubes were
centrifuged at 11,0009 for 3 minutes at 4°C. The supernatant was discarded and the pellets
were washed 5 times with 1 ml of ethanol: ethyl acetate (1:1, v/v). After the final wash, the
pellet was dissolved in 600ul of guanidinium hydrochloride by vortexing thoroughly and
then incubating at 37°C for 15 minutes. Any insoluble particle was precipitated by
centrifuging the solution at 11,000g for three minutes. The absorbance of the supernatant
was read at 375 nm. The difference in absorbance values between the sample and the
standard were converted to carbonyl concentration using the molar absorbing coefficient (¢
= 22000 M1 cm™1) of the hydrazones and a cuvette pathlength of 1 cm.

In experiment one, flies were exposed to hyperoxia for two days before extraction. In
experiment two, performed at a different time, flies were kept under normoxic conditions. In
each case, a single extraction was performed on each subline. Experiment 3 was designed to
remedy two shortcomings of the first two experiments. First, to allow a direct comparison of
carbonylation levels between oxygen treatments, the two treatments were set up
simultaneously, and flies from each treatment processed at the same time. Second, protein
concentration of the final supernatant was estimated with a Qubit fluorometer (Invitrogen)
and was used to normalize carbonyl concentration of each sample. Flies for this experiment
were Fq hybrids from crosses of a pair of sublines from each line; thus there were two
mutant and two control samples per oxygen treatment.

2.5 Statistical analysis

Statistical analysis was carried out using SAS version 9.2. Line means for fitness and
viability were compared between line types (Aldh-null or control) by two-sample t-tests. For
starvation resistance and longevity, mean and median survival times per vial, respectively,
were analyzed using the MIXED procedure (see [18] for details), with sublines nested
within lines (both random effects), and lines nested within line type (a fixed effect). For
hyperoxia resistance, a similar analysis was performed on the arcsin square-root transformed
proportions of flies surviving per vial. Carbonylation levels from experiments 1 and 2 were
analyzed in similar fashion, except no replication was present at the level of sublines. For
experiment 3, a two-way analysis was performed, with treatment (hyperoxia or normoxia)
crossed with line type, and line nested within line type. Because a specific direction of
difference was expected in all comparisons of mutants and controls (e.g., lower viability and
fitness of the former), one-tailed P values are reported.

Chem Biol Interact. Author manuscript; available in PMC 2012 May 30.
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3. Results

3.1 Aldh-null flies are impaired in total fitness, preadult viability, and starvation resistance

To determine the effects of Aldh loss of function mutations on total fitness, populations were
established in which Aldh+ and Aldh— chromosomal homozygotes competed against Curly
balancer heterozygotes, which always have a functional Aldh copy provided by the balancer
chromosome. Non-Curly flies rose to higher frequencies in populations in which they were
homozygous for a functional Aldh copy than in populations in which they were homozygous
for an Aldh-null mutation (Fig. 1, closed and open symbols, respectively). In both blocks,
frequencies of non-Curly flies roughly stabilized by generation 7 (Fig. 1). The total fitness
of non-Curly homozygotes relative to balancer heterozygotes, estimated at the last
generation (see Materials and Methods), was on average 2.75 times higher in the Aldh+
lines than in the Aldh— lines (Table 1, last column). Thus, although Aldh— homozygotes are
qualitatively viable and fertile in both sexes, they had strongly reduced reproductive rates
compared to Aldh+ homozygotes under the crowded conditions of the experimental
populations. Aldh+ homozygotes also had significantly higher pre-adult viability than Aldh—
homozgyotes at both low and medium larval densities, although the differences were not
nearly as pronounced as for total fitness (Table 1).

Aldh-null homozgyotes died more quickly in the absence of food than Aldh+ homozygotes
(Fig. 2A); mean survival time was 49.5 hours in the mutant lines and 57.0 hours in the
controls (P < 0.03). There was no significant effect of line within line type (mutant or
control) on starvation resistance (P > 0.5). The results for longevity were more ambiguous:
one wild-type line survived longer than both the two mutant lines and the other wild-type
line, which differed little from each other in longevity (Fig. 2B). In this experiment, there
was no significant effect of line type on longevity (P = 0.095), but there was a significant
effect of line within line type (P = 0.03). The wild-type line with low longevity also had
lower fitness than the other wild-type line in the balancer equilibrium experiment (Fig. 1,
Table 1). This suggests that this line carries a fitness-reducing mutation at another gene;
such cryptic mutations sometimes occur when P elements are mobilized [19].

3.2 Aldh-null flies are sensitive to hyperoxia, and accumulate elevated levels of protein
carbonyls under hyperoxia, but not normoxia

When maintained in an atmosphere containing >90% oxygen, the Aldh-null lines
experienced markedly higher mortality after three days than the control lines (Fig. 3; line
type, P < 0.025; line within type, P > 0.1). Replicate hyperoxia resistance experiments gave
similar results (data not shown). To determine whether the hyperoxia sensitivity of mutants
might be caused by higher levels of protein carbonylation than controls, carbonylation was
measured in protein extracts of flies exposed to hyperoxia for two days, before mortality had
occurred. Extracts from mutants had significantly higher levels of protein carbonyls than
extracts from controls (Fig. 4A; line type, P < 0.03; line within type, P > 0.5).

Under normoxia, in contrast, there was no difference between Aldh-null mutants and
controls in protein carbonylation levels (Fig. 4B; line type, P > 0.5; line within type, P >
0.5). Mean carbonylation levels were lower than in the experiment with hyperoxia,
consistent with the expectation that hyperoxia increases lipid peroxidation. To check these
results, a third experiment was carried out in which oxygen treatments, protein extraction,
and carbonylation measurement were carried out simultaneously, and carbonyl
concentrations normalized to the protein concentration of the extracts (Fig. 4C). Confirming
the results of the first two experiments, hyperoxia exposure significantly increased levels of
protein carbonyls (P < 0.003), but did so more in Aldh-null flies than in controls (interaction
between line type and oxygen treatment, one-tailed P < 0.05; a one-tailed test is justified
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because the observed direction of interaction is predicted by the results of the first two
experiments). Under normoxic conditions, there was again no difference in protein carbonyl
concentration between Aldh-null and control flies (Fig. 4C).

4. Discussion

In the absence of ethanol, flies lacking DmALDH, a member of the ALDH1/2 family, have
strongly reduced reproductive rate and moderately reduced preadult viability compared to
genetically-matched control flies. Lack of DmALDH also impairs starvation resistance, and
may reduce longevity, although the difference between the two control lines rendered the
longevity experiment ambiguous. These defects support an important role of DmALDH in
functions unrelated to ethanol metabolism, consistent with the high degree of conservation
of the protein between flies and mammals.

The null mutants also experience higher mortality under hyperoxia compared to controls, as
would be expected if DmALDH detoxifies reactive aldehydes resulting from lipid
peroxidation. Consistent with this hypothesis, under hyperoxia, Aldh-null mutants
accumulate higher levels of protein carbonyls than controls. Surprisingly, no difference in
levels of protein carbonyls was observed between mutants and controls under normoxic
conditions. This negative result raises the question of whether the fitness defects of Aldh-
null mutants under normoxia have anything to do with protection against protein
carbonylation by reactive aldehydes, or whether there is an additional important function of
DmALDH. One possibility is that under normoxic conditions, Aldh-null mutants experience
higher rates of protein carbonylation, but this is compensated by higher rates of proteosomal
degradation of the carbonylated proteins [20-22], resulting in similar steady-state levels of
protein carbonyls in mutants and controls. Higher protein turnover would nonetheless be
energetically costly, thus accounting for the fitness defects (e.g., lower starvation resistance)
of the null mutants. Under hyperoxia, in contrast, the protein degradation pathway could
become overburdened in the mutants and proteins involved in degradation may be inhibited
[22], resulting in higher levels of protein carbonyls than in controls. This hypothesis could
be tested by inhibiting protein degradation and/or measuring protein turnover in Aldh-null
mutants and controls under normoxia [23].

A carbonyl reductase [24] and glutathione S transferase [25] in D. melanogaster have also
been shown to protect cells from reactive aldehydes. It is possible that in Aldh-null mutants,
these enzymes functionally compensate for the absence of DmALDH but probably at a cost
of impairing their other functions. Such functional compensation might maintain effective
protein carbonylation in the mutants at a level similar to that of the controls with a reduction
in overall fitness of the mutants due to the cost of the compensation. Under hyperoxia, in
contrast, such compensatory contributions from the other enzymes might not be sufficient to
regulate the excessive amount of reactive aldehydes produced leading to higher
accumulation of protein carbonyls in mutants compared to the control flies. This hypothesis
could be investigated by testing the activities of the abovementioned enzymes in Aldh-null
mutants.

A third possibility is that DmALDH has a role in metabolism in addition to detoxification of
the reactive aldehydes responsible for most protein carbonylation. For example, the retinoic
acid (RA) signaling pathway appears to be important in some aspects of Drosophila
development [26] and RA is known to provide protection from oxidative stress in mammals
[27]. Therefore DMALDH could potentially serve as a retinaldehyde dehydrogenase, like
some members of the ALDH1/2 family in mammals [28]. It is not clear, however, whether
impaired RA signaling would be sufficient to account for the fitness defects of Aldh-null
flies. We are also skeptical of the results of Halme et al. [26] who suggested that DmALDH
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plays a role in RA signaling, because the putative Aldh mutant that they used had ALDH
activity in the wild-type range when we tested it [4]. This line was the precursor of our
mutant and control lines.

Rothacker and Ilg [29] examined the activity of DmALDH with a variety of aldehydes,
showing that it is an effective catalyst with acetaldehyde and short chain aliphatic aldehydes
through hexanal. However the reaction rate dropped off markedly when octanal was used as
a substrate. They used an uncommon variant of the enzyme, however, with Phe substituted
for the ancestral Leu at position 479. The Phe479 variant is in low frequency in natural
populations [30], and shifts substrate specificity towards shorter chain aldehydes ([30];
Chakraborty and Fry, unpublished data). We are currently characterizing substrate
specificity of the Leu479 and Phe479 variants in detail, and carrying out additional
experiments to investigate the in vivo function of DMALDH.
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Fig. 1.

Results of balancer-equilibrium experiment, showing mean proportions of Aldh+ (solid lines
and closed symbols) or Aldh— (dashed lines and open symbols) chromosomal homozygotes
among adults. Both genotypes competed with Curly balancer heterozygotes, which have at
least one functional Aldh copy. Circles, line 14; squares, line 26; triangles, line 17;
diamonds, line 24. Each point is the mean of three populations, with >500 flies counted per
population most generations.

Chem Biol Interact. Author manuscript; available in PMC 2012 May 30.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Chakraborty and Fry Page 11

A) Starvation Resistance
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Fig. 2.
Starvation resistance (A) and longevity (B) of Aldh+ and Aldh— homozygous flies. Line
symbols are as in Fig. 1.
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Protein carbonylation levels of of Aldh+ and Aldh— homozygous flies under (A) hyperoxia,
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