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Abstract. The Drosophila fat body protein 2 gene
(Fbp2) is an ancient duplication of the alcohol dehydro-
genase gene (Adh) which encodes a protein that differs
substantially from ADH in its methionine content. InD.
melanogaster,there is one methionine in ADH, while
there are 51 (20% of all amino acids) in FBP2. Methio-
nine is involved in 46% of amino acid replacements
whenFbp2 DNA sequences are compared betweenD.
melanogasterandD. pseudoobscura.Methionine accu-
mulation does not affect conserved residues of the ADH-
ADHr-FBP2 multigene family. The multigene family has
evolved by replacement of mildly hydrophobic amino
acids by methionine with no apparent reversion. Its
short-term evolution was compared between twoDro-
sophilaspecies, while its long-term evolution was com-
pared between two genera belonging respectively to
acalyptrate and calyptrate Diptera,DrosophilaandSar-
cophaga.The pattern of nucleotide substitution was con-
sistent with an independent accumulation of methionines
at theFbp2 locus in each lineage. Under a steady-state
model, the rate of methionine accumulation was constant
in the lineage leading toDrosophila,and was twice as
fast as that in the calyptrate lineage. Substitution rates
were consistent with a slight positive selective advantage
for each methionine change in about one-half of amino
acid sites inDrosophila.This shows that selection can
potentially account for a large proportion of amino acid
replacements in the molecular evolution of proteins.
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Introduction

An important problem in molecular evolution is to de-
termine what proportion of selective changes are in-
volved in protein evolution (Gillespie 1991). According
to the neutral theory (Kimura 1983), the rate of molecu-
lar evolution depends only on the balance between dis-
advantageous and neutral mutations. The number of ad-
vantageous changes would be so small as to be negligible
in comparison to neutral changes. As a consequence, the
rate of molecular evolution would never exceed the mu-
tation rate, and would be equal in each lineage to the
neutral mutation rate. McDonald and Kreitman (1991)
showed that this model does not explain the observed
difference between polymorphism and divergence in the
ratio of replacement vs synonymous substitutions. This
suggests that the contribution of Darwinian selection to
protein evolution is substantial. An elaboration of the
neutral model suggested by Ohta (1973, 1992, 1993a,b)
challenges this explanation. The rate of evolution would
depend on population size in each lineage, contrary to
Kimura’s (1983) conception, and differently affect re-
placements and synonymous substitutions. A major dif-
ficulty in assessing the contribution of selection to mo-
lecular evolution is our inability to assess the selective
consequences of most amino acid changes. The function
of ‘‘active sites’’ is known in a few proteins, while the
consequences of amino acid replacement for minor sites
are still a matter of dispute.Correspondence to:M. Veuille
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We investigated this question by studying systematic
biases in amino acid changes in a family of proteins. The
FBP2 protein (formerly called P6, we hereafter follow a
nomenclature introduced by Lindsley and Zimm 1992) is
a product of theFbp2 locus, a member of theAdhgene
family. It is expressed in theDrosophilafat body during
the third larval instar (Lepesant et al. 1982; Deutsch et al.
1989), along with alcohol dehydrogenase, where it rep-
resents up to 1% of soluble proteins. Its amino acid simi-
larity to ADH is low (28%), but the two proteins have
retained structural homologies (Rat et al. 1991). The se-
quence and the expression pattern of this gene are known
in D. melanogasterand inSarcophaga peregrina(Mat-
sumoto et al. 1985).Drosophilabelongs to the acalyp-
trate Diptera, whileSarcophagabelongs to the calyptrate
Diptera, along with the house fly.

FBP2 shows a very high methionine content. Methi-
onine generally occurs at a low frequency in proteins, its
value ranging from 1.6% to 3.0%, depending on whether
conceptually translated or mature proteins are considered
(Simon and Cserzo¨ 1990). It is coded by only one codon,
ATG, which is also the start codon of proteins. If the start
codon is excluded, there is no methionine in ADH. There
are 51 methionines (20%) inD. melanogasterFBP2 (Rat
et al. 1991), and 29 (11.3%) inS. peregrina(Matsumoto
et al. 1985). Most of these methionines are at different
positions in the two species. Only 13 of them occupy
homologous codons (Rat et al. 1991). Due to their dif-
ferent pattern of occurence we hypothesise that methio-
nine replacements probably involved independent events
in the two lineages. Methionine is involved in 46 out of
the 112 amino acid changes recorded between the two
species. This trend to accumulate methionines suggests
the operation of Darwinian selection. In order to deter-
mine whether selection for methionine is still continuing
or is at rest inDrosophila,we cloned and sequenced
Fbp2 in a species close toD. melanogaster, D. pseudo-
obscura.We then estimated the rate of change in methi-
onine content over time and over lineages. These data
allowed us to address some predictions of molecular evo-
lutionary models.

Materials and Methods

Unless otherwise noted, nucleic acids were handled according to stan-
dard protocols (Sambrook et al. 1989).D. pseudoobscuranucleic acids
were isolated from the JR38 line (Veuille and King 1995).

Probe Labeling.A 322-bp homologous probe was obtained by PCR
amplification of D. pseudoobscuragenomic DNA between primers
(58-GCATGGAGAACGTGGAGATG-38 and 58-GTCTTGTCCATG-
TAGGGCAT-38) designed from an alignment ofD. melanogasterand
S. peregrina Fbp2.They lie in two conserved regions of the gene.
Homology of this fragment withFbp2was checked by sequencing. It
encompasses a 60-bp intron inD. melanogasterand a 55-bp intron in
D. pseudoobscura.The probe was labeled by random-hexamer priming
using [a-32P]dCTP (ICN biochemicals).

cDNA Library Screening.Total RNA was isolated from dissected
fat bodies of wandering third-instar larvae. Poly-A+ mRNA was ex-
tracted on an aligo-dT column. A cDNA library was constructed by
inserting size-fractionated cDNA into an Uni-Zap XR-vector according
to supplier’s instructions (Stratagene). Between 150,000 and 200,000
recombinant phages were screened. The labeled probe was hybridized
to phage DNA fixed to nitrocellulose filters. Hybridization was con-
ducted overnight at 42°C in 50% formamide, 10% Na-dextran sulfate.
Filters were washed twice for 5 min in 0.1% SDS 2 × SSC at room
temperature and twice for 15 min in 0.1% SDS 0.1 × SSC at 55°C.
Filters were autoradiographed, and positive plaques were transformed
into SK + pBluescript plasmids using helper phagefl according to
supplier’s instructions (Stratagene).

Sequencing.Thirty-four positive clones were isolated. The se-
quence of six clones was determined using the dideoxy-chain termina-
tion method. Sequences were aligned to theFbp2 cDNA sequence of
D. melanogaster(Rat et al. 1991) andS. peregrina(Matsumoto et al.
1985).

Statistical Analysis of Amino Acid and Nucleotide Sequences.The
first amino acid of all polypeptide sequences (a methionine start codon)
was discarded in statistical analyses of amino acid replacement. Like-
wise, nucleotides involved in intron/exon splice junctions were not
counted in silent sites. The codon usage table of a given gene during the
evolution of themelanogasterandpseudoobscuralineages was taken
as the joint distribution of codons for this gene in the two species.

Results

Structure of theFbp2cDNA inD. pseudoobscura

The nucleotide sequence at the ends of the cDNA was
identical in the six clones chosen for detailed analysis.
The complete cDNA is 906 bp long (Fig. 1). An ATG
was found at position 63. It initiates a 256-codon ORF. A
polyadenylation signal (AATAAA) begins 33 bp down-
stream of the stop codon (TAG), and a poly-A tail begins
17 bp further downstream.

Nucleotide Sequence Comparison withD. melanogaster

The coding region shows 115 substitutions out of 768
nucleotides (85.0% similarity). They occur unequally in
the three codon positions (x24 86.1;df4 2;P< 0.001);
most occur in the third position. The numbers of trans-
versions (54) and transitions (61) are similar, deviating
significantly from the expected 2:1 ratio of transversions/
transitions (x2 4 19.2,df 4 1, P < 0.001). Within the
transition class, T-C and A-G substitutions were equiva-
lent (x2 4 0.6; df 4 1; N.S.). The most frequent trans-
versions were G-C (20 out of 54), but a test for equal
frequency in the four kinds of transversions showed no
significant difference (x2 4 6.3; df 4 3; N.S.). In the
coding region, 145.9 out of the 768 sites are effectively
silent according to Li’s (1993) definition. There are 76
synonymous substitutions (52.1%) betweenD. pseudo-
obscura and D. melanogaster. Among the remaining
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622.1 nonsynonymous sites, the two sequences differ at
39 sites (6.3%). Synonymous substitutions are randomly
distributed over the two exons (x2 4 0.06;df4 1; N.S.),
as are nonsynonymous substitutions (x2 4 0.44;df4 1;
N.S.).

Codon usage is highly biased in someDrosophila
genes (Sharp and Li 1989). A bias toward C- and G-
ending codons was observed inFbp2: 73.6% inD. me-
lanogasterand 72.6% inD. pseudoobscurawhen ex-
cluding methionine from the calculation. The same trend

has been observed forAdh in D. melanogaster(79.2%)
and inD. pseudoobscura(74.3%).

Amino Acid Comparison withD. melanogaster

In a comparison of FBP2 sequences betweenD. mela-
nogasterandD. pseudoobscura28 amino acid substitu-
tions were observed, 13 of which corresponded to a me-
thionine in one sequence. Ten methionines were present

Fig. 1. Sequence ofFbp2cDNA in D. pseudoobscura.The concep-
tual amino acid sequence is shown below the nucleotide sequence. It
begins at position +63 and ends at +830. A polyadenylation signal is at
+866 (bold letters). Coding region nucleotide changes withD. mela-

nogasterare shown above the nucleotide sequence. Amino acid re-
placements areunderlined.Changes involving methionine aredouble
underlined. Star:end of the first exon inD. melanogaster,correspond-
ing to an intron inD. pseudoobscura.
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only in theD. melanogasterFBP2 sequence and three
were present only inD. pseudoobscura.Accumulation of
methionines betweenD. melanogasterandD. pseudoob-
scuraseems to have proceeded independently in the two
species, as already noted betweenD. melanogasterand
S. peregrina.

There is no indication that methionines result from a
special class of mutation. Among single-step changes,
two occurred in first position (mutation toward A), three
in second position (mutation toward T), and two in third
position (mutation toward G). Six methionine changes
involved at least two nonsynonymous mutation steps;
17.2% ofFbp2amino acids (44 out of 256) are methio-
nines inD. pseudoobscura.

According to several other parameters, the amino acid
structure of the two proteins is similar. The hydropathy
profile of FBP2 in D. pseudoobscura(not shown) is
identical to that formerly published for the two other
species (Rat et al. 1991). Its acid/base content (aspartic
and glutamic acids/arginine and lysine) is similar and
intermediate (24/22) between that ofD. melanogaster
(23/20) and that ofS. peregrina(21/22). The evolution of
the protein has been conservative in respect to the dis-
tribution of hydrophobic and hydrophylic residues, and
to the electric charge of the protein.

Comparison of Proteins From the
ADH-ADHdup-FBP2 Multigene Family

The phyletic diagram obtained from amino acid diver-
gences at nonmethionine positions (Fig. 3) shows that
FBP2 diverged from ADH at about the same time as the
conceptual protein (ADHr) encoded by anotherAdhdu-
plicate, Adhr (Schaeffer and Aquadro 1987; Kreitman

and Hudson 1991). An alignment of the family of se-
quences is shown in Fig. 2. ADH and ADHr from D.
melanogasterandD. pseudoobscurawere compared to
the three available sequences of FBP2. ADH was taken
as the reference. There are 33 strictly conserved sites in
this set of sequences. Among these, nine are glycines and
four are valines. Glycine is a small nonpolar amino acid
that can fit in inner parts of the folded protein structure
(Jörnvall et al. 1984). In order to determine whether the
conservation of sites was coincidental,x2 tests were per-
formed inD. melanogaster,taking each protein in turn
(ADH, ADHr or FBP2) and testing for random associa-
tion of conserved and replaced sites with the other two
proteins. The difference was always highly significant
whether methionine positions were included (x2 > 28, 1
df, P < 0.001) or excluded (x2 > 38, 1df, P < 0.001).

Methionines are found in 67 positions in the entire
multigene set. There are some methionines in ADHr for
D. melanogaster(4.4%) andD. pseudoobscura(4.7%).
Three methionines are aligned in all ADHr and all FBP2
sequences. This indicates an accumulation of methionine
before divergence betweenAdhr and Fbp2. The three
matching methionines between ADHr and FBP2 suggest
either that ADH lost methionines which were present in
the common ancestor or that ADHr is evolutionarily
closer to FBP2 than to ADH. Figure 3 clearly shows that
methionine fixation was a parallel trend in all FBP2 lin-
eages, since most of them are present at different posi-
tions.

Four positions out of 67 depart from a cladistic pattern
of methionine accumulation. Two positions show me-
thionines in all ADHr and FBP2 sequences, except inS.
peregrina FBP2. Two positions show methionines in
FBP2 sequences, except inD. pseudoobscura.These

Fig. 2. Alignment of the FBP2-ADH-ADHr multigene family.Bold letters:methionines (excluding start codon).Dashes:same amino acids as in
D. melanogasterADH. Gaps: insertions/deletions.Bold ‘‘M’’ on lower line: methionine site present in at least one sequence (67 sites).Stars on
lower line: same amino acids in all sequences (32 sites).
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four cases may be instances of losses of a methionine in
one lineage. Given the large increase in methionine num-
ber in all lineages, they may also be instances of parallel
gains in methionines in the other genes.

What Kinds of Amino Acids Are Substituted
for Methionine?

Methionine is a hydrophobic amino acid. The compari-
son ofD. melanogasterandD. pseudoobscurasequences
shows that in nine cases out of 13, methionine replaced
another hydrophobic residue (valine, isoleucine, alanine
or leucine, hereafter ‘‘VIAL’’ amino acids); it replaced
another kind of amino acid (threonine, glycine, serine,
lysine) in only four cases. Both the conservation of bio-
chemical properties and the mutation pattern can explain
this distribution. Only one mutation step leads to methi-
onine (ATG) from isoleucine codons (ATT, ATA, ATC;
13 residues inD. melanogaster Fbp2), and from the fre-
quently used codons for leucine (CTG, six residues out
of 11 in D. melanogaster Fbp2,none for TTG) and va-
line (GTG, eight residues out of 19 inD. melanogaster
Fbp2). However, lysine, a strongly hydrophylic amino
acid, also differs from ATG by one step in its mainly
used codon (AAG, 14 residues out of 16 inD. melano-
gaster Fbp2); and the same is true for threonine (ACG,
four residues out of 12 inD. melanogaster Fbp2). The
relatively small contribution of lysine suggests that all
methionine mutations are not advantageous. The small
number of changes involved, and the bias introduced by

the fact that most single-step mutations lead to another
hydrophobic amino acid, prevent any further conclusions
from being drawn. The conservative nature of amino acid
replacements as to hydrophylicity was therefore studied
at a broader scale of divergence, between FBP2 and
ADH in D. melanogaster.

Comparisons between highly divergent pairs of se-
quences cannot be done on a site-by-site basis, since
multiple changes may be involved. The net gain or loss
in a given class of amino acids was estimated for the
protein as a whole. The amount of VIAL amino acids is
depleted in FBP2 (57 residues) as compared to ADH (95
residues). The loss in VIAL amino acids thus balances
76% of gains in methionine. Figure 4 compares the pro-
portion of the 20 kinds of amino acids in FBP2 and
ADH. Four amino acids are underrepresented in FBP2:
threonine, isoleucine, alanine, and leucine, (hereafter
‘‘TIAL’’ amino acids). They decrease from 100 in ADH
to 50 in FBP2, thus seeming to compensate the gain of 50
methionines. The reduction in isoleucine, alanine, and
leucine was expected from their strong hydrophobicity.
However, threonine is strongly affected by methionine
replacement, while valine, a more hydrophobic amino
acid of similar form and size, is only mildly affected.

We also examined the replacement of methionine by
amino acids of mild hydrophobicity. We considered the
impact of each amino acid on the overall hydropathy of
the protein. Conservation in hydropathy can be assessed
using Hopp and Woods’s (1981) index, which assigns a
value to each amino acid. The scale ranges from −3.5 for

Fig. 3. Patterns of methionine replacement in the FBP2-ADH–ADHr

family. The upper part of the figure shows the alignment of amino acid
residues having a methionine in at least one sequence. Thenumber at
the end of each lineis the number of methionines minus both the start
codon and those codons that are deleted in at least one aligned se-
quence.Dashescorrespond to nonmethionine amino acids.Numbers
1–4on the bottom line correspond to ‘‘ambiguous’’ cases—that is, to
positions where a methionine was either lost in one sequence (‘‘+’’) or
independently acquired by the others. The lower part of the figure
shows the same pattern as projected on an UPGMA tree based on the
number of nonmethionine amino acid differences between the aligned

proteins. The tree was obtained using the pairwise comparison option
of program MEGA (Kumar et al. 1993) for Poisson-corrected differ-
ences. Positions where a methionine residue was observed in at least
one gene were excluded.Numbers above nodesare boostrap values
over 100 replicates.Boxesshow the number of methionine positions
separating successive nodes. Thezero is for ADH. This is why the
number of methionines increases from the left (root) to the right (pre-
sent), except for the ADH branch. The four ambiguous positions are
considered to be cases of homoplasy between nonadjacent branches
(gain of methionine) in this figure.
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extreme hydrophobicity (tryptophane), to +3 for extreme
hydrophylicity (lysine, arginine, histidine, aspartic acid,
and glutamic acid). The score of methionine is −1.3. The
mean and standard deviation of individual amino acid
scores over 255 residues are, respectively, −0.23 ± 1.72
for ADH and −0.22 ± 1.67 for FBP2 (t 4 0.915, N.S.;F
4 1.07, N.S.). The two values are virtually identical,
meaning that methionine accumulation was achieved
with a strict conservation of hydrophobicity in the poly-
peptide. Figure 5 shows the contribution of each amino
acid to hydropathy in ADH and FBP2. On this scale,
leucine and isoleucine (−1.8) are more hydrophobic than
methionine, while alanine (−0.5) and threonine (−0.4) are
less. The two groups of amino acids were depleted to a
similar extent while the proportion of methionine was
increased. The relatively small decrease in valine is prob-
ably due to its involvement in four conserved sites. The
smaller decrease in alanine than in threonine, two amino
acids of similar hydrophobicity (−0.5 vs −0.4), probably
results from the fact that a single mutation step can lead
from threonine to methionine (ACG to ATG), while two
changes, at least, are necessary between alanine and me-
thionine (GCG to ATG). When all six amino acids are
considered together (methionine, and valine, threonine,
isoleucine, alanine, leucine), their mean contribution to
hydrophobicity is remarkably similar in the two genes:
−1.19 ± 0.79 in ADH (N 4 123) and −1.24 ± 0.71 in
FBP2 (N 4 120).

Discussion

The evolution of FBP2 shows a tendency to accumulate
one type of amino acid, methionine. Before this study, it
was known that the number of methionine residues var-
ied from one—the start codon—in mature ADH to 51 in
FBP2 (Rat et al. 1991), while the two proteins are only
256 amino acids long. This suggested that there was a
tendency toward either a loss of methionine in ADH or a
gain of methionine in FBP2 or both. We confronted these
hypotheses by comparing these proteins with related pro-
teins from the ‘‘short-chain dehydrogenase’’ family. We
counted the number of methionines in nine proteins from
this group, includingBacillus megatheriumglucose de-
hydrogenase,Klebsiella aerogenesribitol dehydroge-

nase,Escherichia coliglucitol-6-phosphate dehydroge-
nase,Pseudomonase pseudoalcaligenesdihydrodiol
dehydrogenase, human 17-b-hydroxysteroid dehydroge-
nase, mouse adipocyte glucocorticoid controlled gene,
Rhyzobium melilotinodulation protein G,Eubacterium
27-kD protein, andSteptomyces coelicolorAct III gene
protein (references in Rat et al. 1991). These proteins
show amino acid signatures that are characteristic of the
group, and are very divergent for the rest of their se-
quence. The average number of methionines in these
proteins is 6.33 (SD4 1.87), the proportion of methio-
nines among amino acids being 2.35% (57 out of 2419
amino acids). The number of methionines is significantly
lower than this inDrosophila melanogasterADH (G 4
10.954 with Williams correction, 1df, P< 10−3), signifi-
cantly larger in FBP2 (G > 50,P ! 10−3), and not sig-
nificantly different in Drosophila melanogasterADHr

(G4 0.925,P > 0.30). This suggests that there has been
an accumulation of methionines in FBP2 and a loss of
methionines in ADH as compared to the ancestral pro-
tein. Available data also show that this process is rela-
tively recent since the methionine content differs in the
CalyptrateSarcophaga peregrina(29 residues, 11.3%)
and in the AcalyptrateDrosophila melanogaster(51 resi-
dues, 20%). The first purpose of the present study was to
check whether methionine accumulation was still active
or at rest among drosophilids. The observed proportion
of amino acid changes involving methionine betweenD.
melanogasterandD. pseudoobscura(13 out of 28, 46%)
shows that changes in the number of methionine are
active, or were active until recently, in FBP2. It is worth
noting that in contrast to this, no amino acid replacement
involving methionine was observed in ADH between
these two species, where this amino acid is virtually lack-
ing, except for one residue at position 119 in species
related toD. mulleri (Fisher and Maniatis 1985).

Conservation of all the other properties of the poly-
peptide sequence is equally striking in this gene. The
accumulation of one kind of hydrophobic residue over
one-fifth of its length could be expected to substantially

Fig. 4. Number of residues for each kind of amino acid inD. mela-
nogasterADH and FBP2. Amino acids are ranked according to their
order in the total distribution (higher histogram). Black rectangles:
FBP2 residues;empty rectangles:ADH residues.

Fig. 5. Proportion of each amino acid from each class of hydropathy
in FBP2 and ADH (Hopp and Wood 1981). Values range from extreme
hydrophobicity (left) to extreme hydrophylicity (right). Amino acids
are shown by theirone-letter code.Polar amino acids are aspartic acid,
glutamic acid, lysine, arginine, and histidine.
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change the hydropathy properties of the polypeptide.
However, detailed analysis shows that losses of amino
acids equally involve residues that are either slightly
more hydrophobic (leucine, isoleucine) or slightly less
hydrophobic (alanine, threonine) than methionine. This
results in hydrophobicity being strictly conserved, both
in its mean and in its standard deviation, as compared to
ADH. Conservation of other parameters had previously
been deduced from the sequence (Rat et al. 1991). The
hydropathy profile is the same for all FBP2s, and re-
sembles that of ADH. The subunit binding motif is con-
served. The NAD+ binding site is closer to the consensus
of short-chain dehydrogenases in FBP2 than in ADH.

We advance no hypotheses as to why methionines
have accumulated in FBP2 and not in ADH. ADH,
ADHr, and FBP2 belong to ‘‘short-chain’’ dehydroge-
nases, a group also comprising polyol dehydrogenases in
bacteria and steroid dehydrogenases in mammals (see
review in Rat et al. 1991). No substrates are known for
ADHr and FBP2, and we do not know if the common
ancestor of these three proteins was an alcohol dehydro-
genase. Tamura et al. (1983) consider it a storage protein.
This is a possibility, since FBP2 makes up a large frac-
tion of soluble proteins in the last-larval-instar fat body
both in Drosophila (Lepesant et al. 1978) andSar-
cophaga(Tamura et al. 1983). There is, however, no
evidence of a degeneracy of the protein structure. Con-
served parts of the putative polypeptide include the
NAD+ coenzyme-binding site (Rat et al. 1991). Kolker
and Trifonov (1995) showed that when proteins are pro-
duced from an ancient gene fusion, methionines found
within the polypeptide may be remnants of former start
sites, a mechanism that would apply to 20% of proteins.
This hypothesis cannot apply to FBP2, where methio-
nines make up one out of five residues, and frequently
occur in tandems of two or three. We can also rule out
that these methionines constitute alternative start codons,
first because they occur on the whole length of the pro-
tein, and second because the FBP2 protein has been well
characterized as a single spot in denaturing gel electro-
phoresis (Lepesant et al. 1978; Tamura et al. 1983).

Rate of Methionine Fixation in FBP2

The very slow accumulation of methionine over time
suggests that this residue contributes little to fitness. This
can be substantiated by estimating the average selective
gain in methionine. The accumulation of methionines in
all FBP2 lineages suggests that the number of methio-
nines in the protein acts as a selected quantitative trait. A
reasonable hypothesis is that each new methionine
change provides some quantum of selective advantage.
The rate of methionine accumulation can be calculated
from a model based on the observation that a subset of
amino acid positions can be replaced by methionines. It
is possible to divide FBP2 residues into three categories

(Fig. 6): Conserved sites are constant in the multigene
family; variable sites can change to another amino acid;
and eligible sites are those variable sites that can accu-
mulate methionine changes. This allows us to estimate
the rate of methionine fixation. LetAt be the number of
eligible sites where no methionine change has occurred
at timet. Let ki be the rate of methionine fixation at these
sites in lineagei. Provided that the selective advantage of
each methionine is similar and that there is no backward
change, rateki can be considered constant. Methionine
fixation is an exhaustive process that can be written:

At 4 A0 (1 − ki)
t (1)

whereA0 is the number of empty sites at the beginning of
lineage i. Formula (1) cannot be applied in this form,
sinceA0 is unknown. It cannot be derived from sequence
comparison, since methionine replacements can have
occurred independently in the same position in two lin-
eages. A derived formula can be used, where methionine
replacements are counted only over the eligible sites that
have not been replaced by methionines in the other lin-
eage. LetAi andAj be the number of eligible sites re-
maining empty in lineagesi andj, respectively, at timet.
Let Aij be the number of sites remaining empty in both
lineages at timet. Assuming that methionine replace-
ments occur independently in the two lineages,ki can be
calculated by comparingAij to Aj:

Aij /Aj 4 (1 − ki)
t (2)

Finally, the rate of methionine fixation in lineagei is:

Fig. 6. Graphic model of increase in methionine content over time
(see text).M: methionine sites.A: sites at which a mutation toward
methionine is positively selected (‘‘eligible sites’’).B: sites at which a
mutation toward a methionine is negatively selected or neutral.C:
invariable sites, at which any mutation is negatively selected (including
the methionine start codon).t0: present;t1: most recent common an-
cestor (MRCA) betweenD. melanogasterandD. pseudoobscura; t2:
MRCA between Acalyptrate and Calyptrate. Rates of substitutionki are
assumed to be constant within lineages. Backward mutations from
methionine are assumed to be negligible.
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ki 4 1 − [Aij/Aj]
1/t (3)

This formula was used after estimating its parameters as
follows:

1. The estimate of the number of eligible sites was
deduced from the fact that methionine preferentially re-
places some kinds of amino acids. It replaces ‘‘VIAL’’
amino acids in 76% cases. It also exactly compensates
the loss in ‘‘TIAL’’ amino acids. This provides an esti-
mate of 125 and 100 eligible sites, respectively, for each
hypothesis. This does not imply that FBP2 can accom-
modate 100 to 125 methionines at a time. These values
are at least twice the number of methionines. They only
imply that when the protein has accumulatedx methio-
nines, any of the remaining eligible sites can provide the
next,x + 1th, change.

2. The time elapsed since the divergence between
SarcophagaandDrosophila lineages (hereaftert2), and
since the divergence betweenD. melanogasterandD.
pseudoobscuralineages (hereaftert1), is broadly known
from the paleontological record. The divergence between
acalyptrate and calyptrate flies occurred between 65 and
135 MYA (million years ago) (reviewed by Beverley and
Wilson 1984). The divergence between themelanogaster
group and theobscuragroup probably occurred 20 MYA
(Throckmorton, cited in Kreitman 1987). These esti-
mates are necessarily inaccurate, since dipteran fossils
are scanty (Grimaldi 1987). We estimated the phyletic
distance between genes from the internal standard pro-
vided by variable sites in FBP2. Amino acid replace-
ments were counted over sites, excluding all positions
where a methionine change had occurred, and all con-
served positions of the multigene family. When Poisson
corrected for multiple hits, this factor wast2/t1 4 5.04.
Taking the divergence betweenD. melanogasterandD.
pseudoobscuraas 20 MY, the divergence betweenDro-
sophilaandSarcophagawould be about 100 MY. These
values may involve some error, but they provide an order
of magnitude and are reasonably consistent with paleon-
tological evidence.

The rate of methionine fixation was calculated per
eligible site and per 100 MY over lineages. In the aca-
lyptrate lineage, it was based on the mean number of
methionines inD. melanogasterandD. pseudoobscura.
The rates calculated under hypothesesH100 andH125 led
to similar results (Table 1). In either case, the rate in the
line leading toDrosophila since the Calyptrate/
Acalyptrate divergence was equal to twice the rate in the
line leading toSarcophaga(respectively 0.589 vs 0.297
under hypothesisH100; and 0.403 vs 0.194 under hypoth-
esisH125). The difference was significant in both cases.

The rate of methionine fixation betweenD. melano-
gasterandD. pseudoobscurawas calculated from the
total number of methionine changes (13) between the
two species. We assume that the rate of fixation is the
same in themelanogasterand the pseudoobscura
branches. This rate was nearly exactly equal to the rate in

the acalyptrate (i.e.,Drosophila) lineage (0.535 vs 0.589
under hypothesisH100; 0.378 vs 0.403 under hypothesis
H125). This rate is not significantly different from the rate
in Sarcophagasince it is based on small values. It cannot
be compared to the acalyptrate rate since the two values
are interdependent. They are, however, very close, thus
showing that methionine accumulation has undergone no
change in rate over time in theDrosophila lineage.

Estimation of the Selective Advantage of Methionines
in FBP2

The replacement of a subset of FBP2 amino acids by
methionines took several million years. This suggests
that the mean selective advantage of a methionine
change is small. The average advantage can be estimated
as follows. Letum be the ATG (methionine codon) mu-
tation rate andun the synonymous mutation rate inFbp2.
Let Km be the methionine accumulation rate, andKn
the synonymous substitution rate. If synonymous
changes are neutral and methionine changes are selec-
tive, it can be shown (Kimura 1977) thatKn 4 un and
Km 4 4Neums,whereNe is the effective population size
and s the mean selective advantage of a methionine
change. These formulae combine to give:

2Nes4 1⁄2 z (Km/Kn) z (un/um) (4)

In practice, this formula was applied as follows to the
divergence betweenD. melanogasterandD. pseudoob-
scura:

1. Theum/un ratio was estimated by performing all
possible synonymous substitutions considered as being
equally probable in the combined codon usage table of
D. melanogasterand D. pseudoobscurafor Adh and
Fbp2. Calculated over the whole sequence, theum/un
ratio is 0.125 inAdhand 0.115 inFpb2,and the average

Table 1. Rate of methionine fixation per 108 years in FBP2a

Hypothesis

H100 H125

Sarcophaga 0.297 0.194
lineage (0.157–0.408) (0.099–0.275)
Drosophila 0.589 0.403
lineage (0.450–0.704) (0.299–0.497)
D. pseudoobscura 0.535 0.378
vsmelanogaster (0.272–0.772) (0.187–0.556)

a The rate was calculated per eligible amino acid site for methionine
fixation; under hypothesisH100 there are 100 eligible sites; under hy-
pothesisH125, there are 125. The rate was calculated according to
equation 3, which compensates for the decrease in eligible sites as
methionine fixation goes on. The time scale in units of 108 years is only
intended to give an order of magnitude, since only the relative age of
each lineage (see text) is important for comparing species. Confidence
limits (P < 0.05) are calculated from the binomial distribution on ob-
served methionine sites
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value of 0.120 was retained. This ratio was not applied to
the 256 residues of the protein. Our hypothesis is that
methionines appear in a subset of the amino acids and do
not revert to another amino acid. Therefore,un was
weighted for the nonmethionine amino acids, whileum
was weighted for the average number of empty (nonme-
thionine) eligible sites in the twoDrosophilaspecies—
that, is 57.5 under hypothesisH100 and 77.5 under hy-
pothesisH125. In this case, the ratioum/un is 0.0030 under
hypothesis H100 and 0.045 under hypothesisH125.

2. The rate of methionine fixation was calculated as a
rate of decay per amino acid, as calculated in Table 1. In
this case, we used the rate for time units of twice 20
million years, corresponding to the divergence between
D. melanogasterandD. pseudoobscura.

3. The rate of synonymous substitutionKs was cal-
culated using Jukes and Cantor’s correction according to
Kumar et al. (1993) as a per-site synonymous substitu-
tion rate betweenD. melanogasterand D. pseudoob-
scura.The rate of synonymous substitution corresponds
to a rate of neutral fixation only if synonymous changes
are neutral. The codon usage ofFbp2 andAdh (Sharp
and Li 1989) is highly biased, and several studies show
that synonymous substitutions are probably constrained
by selection (Moriyama and Hartl 1993; Carulli et al.
1993; Hartl et al. 1994; Akashi 1995). For this reason, we
used two measures ofKs. First, we used its value for
Fbp2.We calculatedKs for a group of genes with low
codon usage:Sryb (Ferrer et al. 1994),Est-5B/Est-6
(Brady et al. 1990), andAdhr (Schaeffer and Aquadro
1987; Kreitman and Hudson 1991).Ks was then calcu-
lated on pooled codons, except for those that were at the
intron/exon junction. These genes constitute a lower
limit for selection on silent substitution and therefore
provide a confidence limit for the estimate of 2Nes.

Results are shown in Table 2. The value of 2Nes is
between 2.0 and 3.6, depending on the hypotheses on the
saturation in methionine. When the set of low-constraint
genes is used as a reference for synonymous substitution,
this value is 1 if saturation in methionine is low (H125).
According to the neutral model (Kimura 1983), 2Nes4
1 is the threshold above which an allele can be selected.
Below this value, stochastic effects are prevalent, and
allele frequencies fluctuate randomly. The selective ad-

vantage of methionines, if any, is very small, as expected
from the fact that the protein accumulated them very
slowly over millions of years. However, the phylogenetic
pattern of this accumulation (Fig. 3) shows little evi-
dence of reversion, as if the selective advantage of me-
thionines had remained high enough to exclude random
loss. Since any durable decrease of the population size
during evolution would also have led to losses of me-
thionines, this also suggests that the effective population
size, estimated at around 1–3.25 106 betweenD. mela-
nogasterandD. pseudoobscura(Berry et al. 1991; Saw-
yer and Hartl 1992; Riley et al. 1992), has remained high
duringDrosophilaevolution.

These calculations are not necessary to show that me-
thionine changes in FBP2 are selective, that they confer
a very slight advantage, and that they are lineage depen-
dent: This is apparent from the protein alignment. FBP2
shows that a protein can tolerate selection at 46% of its
amino acid replacements. We do not know if these con-
clusions are valid for proteins where amino acid changes
do not involve the same residue. The divergence between
D. melanogasterandD. pseudoobscuraFBP2 involved
an average of 6.5 selective (i.e., methionine) replace-
ments per lineage in about 20 millions years. This rate
could apply to 41,000 proteins of similar size, at the rate
of one selective substitution every 300 generations. In
other words, selection could be the cause of about half
the amino acid substitutions of an organism like Dro-
sophila with a moderate replacement load per generation.

Another question raised by this study is why the rate
of methionine fixation is different inDrosophilaand in
Sarcophaga.As noted above, the rate of methionine ac-
cumulation per time unit can be writtenKm 4 4Neums.
Differences between lineages can result from changes in
the selective advantage of a methionine or in the popu-
lation size. A third possibility is that time units are dif-
ferent since generation time can differ between lineages.
No estimates exist for effective population size and gen-
eration time in past dipteran lineages. An allozyme based
estimate of heterozygosity among calyptrate flies is
known fromMusca,where its value is 0.186 inM. au-
tomnalis, and 0.115 inM. domestica(Krafsur 1993;
Black and Krafsur 1985). It is similar to that ofDro-
sophila melanogaster(0.132) andD. pseudoobscura
(0.123) (from a review by Nevo 1978), thus suggesting a
similar effective population size. Effective population
size is, however, a short-term parameter in evolution. In
the Drosophila genus, effective size is probably very
variable, as suggested by large differences in allozyme
heterozygosity varying between 0.252, inD. affinis,and
0.025, inD. orthofasciata(Nevo 1978). We do not know
which of these species, if any, are representative of past
lineages. Generation time also differs betweenDro-
sophilaspecies. InD. pseudoobscura,it is about twice as
long as inD. melanogaster.This may explain why fewer
methionines have accumulated in the first species (43)

Table 2. Estimates of the parameter 2Nes, under two hypothesesa

Hypotheses

H100 H125

Ks(Fbp2)4 0.9407 3.694 1.779
Ks(lcg) 4 1.6830 2.064 0.994

HypothesisH100 andH125 are as in Table 1. The rate of synonymous
substitution per nucleotide,Ks, is either the rate observed inFbp2
betweenD. melanogasterandD. pseudoobscura(upper line) or the rate
observed in a set of “low-constraint genes” (lcg) comprised ofSryb,
Est5/Est6,andAdh-dup(lower line)
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than in the second (50). Theory predicts that fewer me-
thionines will be present in species with a long genera-
tion time and in species with low effective population
size. In the first case, the rate of accumulation will be
slower. In the second case, methionines will be lost
through random drift. Loci that, likeFbp2,have measur-
able low selective effects on molecular changes, are
therefore interesting systems for testing predictions of
evolutionary theories.
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