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Abstract. The Drosophila fat body protein 2 gene sophila melanogaster — Drosophila pseudoobscura —
(Fbp2) is an ancient duplication of the alcohol dehydro- Sarcophaga peregrina —Methionine — Adh gene —
genase geneA@h which encodes a protein that differs Fbp2 gene — Gene duplication

substantially from ADH in its methionine content. h
melanogasterthere is one methionine in ADH, while )
there are 51 (20% of all amino acids) in FBP2. Methio- Introduction
nine is involved in 46% of amino acid replacements

when Fbp2 DNA sequences are compared betwézn . . . .
. termine what proportion of selective changes are in-
melanogasterand D. pseudoobscuraMethionine accu- : . . : . .
. ; volved in protein evolution (Gillespie 1991). According
mulation does not affect conserved residues of the ADH-tO the neutral theory (Kimura 1983), the rate of molecu
ADH"-FBP2 multigene family. The multigene family has Y '

) ) . lar evolution depends only on the balance between dis-
evolved by replacement of mildly hydrophobic amino .
. o . . advantageous and neutral mutations. The number of ad-
acids by methionine with no apparent reversion. Its

. vantageous changes would be so small as to be negligible
short-term evolution was compared between - . .
. . o . in comparison to neutral changes. As a consequence, the
sophilaspecies, while its long-term evolution was com-

. . rate of molecular evolution would never exceed the mu-

pared between two genera belonging respectively tg_.. . )
. . ation rate, and would be equal in each lineage to the

acalyptrate and calyptrate Diptefarosophilaand Sar- . )
: I neutral mutation rate. McDonald and Kreitman (1991)

cophaga.The pattern of nucleotide substitution was con- ) .

. : . : -~ showed that this model does not explain the observed
sistent with an independent accumulation of methlonme%ifference between polvmorphism and diveraence in the
at theFbp2 locus in each lineage. Under a steady-state polymorp 9

model, the rate of methionine accumulation was constanttatlo of replacement vs synonymous subsfitutions. This

in the lineage leading t®rosophila, and was twice as suggests that the contribution of Darwinian selection to

fast as that in the calvotrate lineage. Substitution rategrotein evolution is substantial. An elaboration of the
: > calyp cage. . neutral model suggested by Ohta (1973, 1992, 1993a,b)
were consistent with a slight positive selective advantage . : .
L . .~ thallenges this explanation. The rate of evolution would
for each methionine change in about one-half of amino

acid sites inDrosophila. This shows that selection can dgpenq on population Size In eachllmeage, contrary to
. . : . Kimura’s (1983) conception, and differently affect re-
potentially account for a large proportion of amino acid

. : . placements and synonymous substitutions. A major dif-
replacements in the molecular evolution of proteins. . : L .
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
Correspondence tayl. Veuille are still a matter of dispute.

An important problem in molecular evolution is to de-
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We investigated this question by studying systematic cDNA Library ScreeningTotal RNA was isolated from dissected
biases in amino acid changes in a family of proteins. Thdat bodies of wa_ndering third-instar Iarvae_. Poly-A+ mRNA was ex-
FBP2 protein (formerly called P6, we hereafter follow a_tractgd on an aIlgg-dT column. A cDNA Ilt)rary was constructed _by

. . . . inserting size-fractionated cDNA into an Uni-Zap XR-vector according
nomenclature introduced by Lindsley and Zimm 1992) isy, sypplier's instructions (Stratagene). Between 150,000 and 200,000
a product of the=bp2locus, a member of thddhgene  recombinant phages were screened. The labeled probe was hybridized
family. It is expressed in thBrosophilafat body during  to phage DNA fixed to nitrocellulose filters. Hybridization was con-

the third larval instar (Lepesant et al. 1982; Deutsch et glducted overnight at 42°C in 50% formamide, 10% Na-dextran sulfate.
- ' . Filters were washed twice for 5 min in 0.1% SI2 x SSC at room
1989), along with alcohol dehydrogenase, where it rep_temperature and twice for 15 min in 0.1% SDS 0.1 x SSC at 55°C.

resents up to 1% of soluble proteins. Its amino acid siMiwijers were autoradiographed, and positive plaques were transformed
larity to ADH is low (28%), but the two proteins have into SK + pBluescript plasmids using helper phati@ccording to
retained structural homologies (Rat et al. 1991). The sesupplier’s instructions (Stratagene).
guence and the expression pattern of this gene are known
in D. melanogasteand in Sarcophaga peregrinéVat- SequencingThirty-four positive clones were isolated. The se-
sumoto et al. 1985)Drosophilabelongs to the acalyp- duence of six clones was determined using the dideoxy-chain termina-
trate Diptera, WhiIéSarcophangeIongs to the calyptrate tion method. Sequences were aligned to Fﬂhx@Z cDNA sequence of

) . D. melanogaste(Rat et al. 1991) an&. peregrinaMatsumoto et al.
Diptera, along with the house fly. 1985).

FBP2 shows a very high methionine content. Methi-

onine genera"y occurs at a low frequency In proteins, its Statistical Analysis of Amino Acid and Nucleotide Sequenides.

value ranging from 1.6% to 3.0%, depending on Wh_etheﬁirst amino acid of all polypeptide sequences (a methionine start codon)
conceptually translated or mature proteins are considereslas discarded in statistical analyses of amino acid replacement. Like-

(Simon and Cserzi990). It is coded by only one codon, wise, nucleotides involved in intron/exon splice junctions were not

ATG, which is also the start codon of proteins. If the Startcountgd in silent sites. The codon usage table of'a given gene during the
. . L evolution of themelanogasteand pseudoobscuréineages was taken

codon is exc_Iudgd, there is no methionine in ADH. Thereas the joint distribution of codons for this gene in the two species.

are 51 methionines (20%) iD. melanogasteFBP2 (Rat

et al. 1991), and 29 (11.3%) B. peregringdMatsumoto

et al. 1985). Most of these methionines are at differenty oq its

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 methioStructure of theFbp2cDNA inD. pseudoobscura

nine replacements probably involved independent events )
in the two lineages. Methionine is involved in 46 out of | "€ nucleotide sequence at the ends of the CDNA was

the 112 amino acid changes recorded between the wwidentical in the six clones chosen for detailed analysis.

species. This trend to accumulate methionines suggestd!® complete cDNA is 906 bp long (Fig. 1). An ATG
the operation of Darwinian selection. In order to deter-WaS found at position 63. It initiates a 256-codon ORF. A

mine whether selection for methionine is still continuing polyadenylation signal (AATAAA) begins 33 bp down-
or is at rest inDrosophila, we cloned and sequenced Stréam of the stop codon (TAG), and a poly-A tail begins

Fbp2in a species close tb. melanogaster, D. pseudo- 17 bp further downstream.

obscura.We then estimated the rate of change in methi-

onine content over time and over |ineageS. These datﬂucleotide Sequence Comparison V\[ﬂhme'anogaster

allowed us to address some predictions of molecular evo-

lutionary models. The coding region shows 115 substitutions out of 768
nucleotides (85.0% similarity). They occur unequally in
the three codon positiong{ = 86.1;df = 2; P <0.001);

Materials and Methods most occur in the third position. The numbers of trans-
versions (54) and transitions (61) are similar, deviating

Unless otherwise noted, nucleic acids were handled according to starsignificantly from the expected 2:1 ratio of transversions/

dard protocols (Sambrook et a_I. 1989).pseudoopscuraucleic acids transitions kz = 19.2,df = 1, P < 0.001). Within the

were isolated from the JR38 line (Veuille and King 1995). .. L. .
transition class, T-C and A-G substitutions were equiva-

Probe LabelingA 322-bp homologous probe was obtained by PCR lent .(Xz = 0.6;df = 1; N.S.). The most frequent trans-

amplification of D. pseudoobscurgenomic DNA between primers  Versions were G-C (20 out of 54), but a test for equal

(5'-GCATGGAGAACGTGGAGATG-3 and B-GTCTTGTCCATG-  frequency in the four kinds of transversions showed no

TAGGGCAT-3) designed from an alignment &f. melanogasteand significant difference )(2 = 6.3;df = 3; N.S.). In the

S. peregrina Fbp2They lie in two conserved regions of the gene. coding region, 145.9 out of the 768 sites are effectively

Homology of this fragment witliFbp2 was checked by sequencing. It . . . L
encompasses a 60-bp intronin melanogasteand a 55-bp intron in silent accordlng to Li's (1993) definition. There are 76

D. pseudoobscurahe probe was labeled by random-hexamer priming SYynonymous substitutions (52.1%) betwedenpseudo-
using [a-32P]dCTP (ICN biochemicals). obscuraand D. melanogaster Among the remaining
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1 TCGGTCCGAATCCTCCCATTCTACTCCTCCGTAATACTCTAAAAACCAAATTCCAATTCAAAATG
Met
T c T G T TG GC A A

66 TTCGACTGGACGGGCAAAAATGTGGTCTATGCTGGCAGCTTCACGGGCATTGGGTGGCAGATGETG
PheAspTrpThrGlyLysAsnValValTyrAlaGlySerPheThrGlyIleGlyTrpGlnMetVal

A A G C G T A c T
132 ATGCAGCTGATGCAGAAGAAGATCAAGATGATCGGCATCATGCATCGCCTGGAGAATGTGGAGATG
MetGlnLeuMetGlnLysLysIleLysMetIleGlyIleMetHisArgLeuGluAsnValGluMet

CATT AT A G A C A
198 ATGAAGAAGCTGCAGGCGGAGAATCCCGCCGTGAAGGTAGTCTTCATGCAGATGAATCTCATGGAC
MetLysLysLeuGlnAlaGluAsnProAlaValLysValValPheMetGlnMetAsnLeuMetAsp

A G C A AA T A T GA G

264 AAGGTGTCCATTGAGCAGGCGATGEEGAAAATGGGCCAGATGATGGGACACATCGATGTCCTTATC
LysValSerIleGluGlnAlaMetLeulysMetGlyGlnMetMetGlyHisIleAspValLeuIle

G cc T G T * T

330 AATGGCGAGGATGTGTTGCTCGACAAGGATGTGGAGACGACAATGGGCATGAACCTGACCGGCATG
AsnGlyGluAspValLeuLeuAspLysAspValGluThrThrMetGlyMetAsnLeuThrGlyMet

CCA T Cc G C c C A T
394 ATTATGATGACTATGATGGCTATGCCGTATATGGACAAGACCCAGATGGGCATGGGCGGCATGGTG
IleMetMetThrMetMetAlaMetProTyrMetAspLysThrGluMetGlyMetGlyGlyMetVal

GT CAG C A C G cCg TT C C T

461 ATCAATCTCTCCTCTGTCTATGGACTGGAGCCTGCCCCAACCTTTGCCGTGTACGCGGCTGCCAKC
IleAsnLeuSerSerValTyrGlyLeuGluProAlaProThrPheAlaValTyrAlaAlaAlalys

C A Cc A C G A c cC

528 CATGGCGTCCTTGGGTTCACCCGCTCAATGGGCGACAAGATEATCTACCAGAAGACTGGTGTCATG
HisGlyValLeuGlyPheThrArgSerMetGlyAspLysIleIleTyrGlnLysThrGlyValMet

C A G ATG C c Cc T
594 TTCATGGCCATGTGTCCGGGTCTCACCAACACCGAGATGATGGCCAATCTGCGCGATAATGTCACC
PheMetAlaMetCysProGlyLeuThrAsnThrGluMetMetAlaAsnLeuArgAspAsnValThr

C C C A
660 TGGCACCACTCCGAATCGATGGTGGAGGCTATCGAGAGCGCCAAGCGCCAAATGCCAGAGGAGGCG
TrpHisHisSerGluSerMetValGluAlaIleGluSerAlaLysArgGlnMetProGluGluAla

AG A ccCc G T G C c
726 GCCGTTCAGATGATCAAGGCTATGGAGATGATGAAGAACGGCAGCATGTGGATAGTCAATATGGGA
AlaValGlnMetIleLysAlaMetGluMetMetLysAsnGlySerMetTrpIleValAsnMetGly

G G G TC
792 CAACTCAAGGAAGTGATGCCCACGATGCACTGGCAGATGTAGGACACGAGCTGTGCTGTGTTTGAG
GlnLeuLysGluValMetProThrMetHisTrpGlnMet

856 AGCGTAAAAATAAACTTTGAAGAAACACCTGAAAAAAAAAAAAAAAAAA

Fig. 1. Sequence oFbp2cDNA in D. pseudoobscuralhe concep-  nogasterare shown above the nucleotide sequence. Amino acid re-
tual amino acid sequence is shown below the nucleotide sequence. flacements arenderlined.Changes involving methionine ad®ouble
begins at position +63 and ends at +830. A polyadenylation signal is atinderlined. Starend of the first exon iD. melanogastercorrespond-
+866 (old letterg. Coding region nucleotide changes with mela- ing to an intron inD. pseudoobscura.

622.1 nonsynonymous sites, the two sequences differ dtas been observed féwhin D. melanogaste(79.2%)
39 sites (6.3%). Synonymous substitutions are randomhand inD. pseudoobscurér4.3%).
distributed over the two exong{ = 0.06;df = 1; N.S.),
as are nonsynonymous substitutiog$ & 0.44;df = 1;
N.S.). Amino Acid Comparison witD. melanogaster

Codon usage is highly biased in sorbeosophila
genes (Sharp and Li 1989). A bias toward C- and G-In a comparison of FBP2 sequences betwBemnela-
ending codons was observedRibp2: 73.6% inD. me-  nogasterandD. pseudoobscur@8 amino acid substitu-
lanogasterand 72.6% inD. pseudoobscuravhen ex- tions were observed, 13 of which corresponded to a me-
cluding methionine from the calculation. The same trendhionine in one sequence. Ten methionines were present



ADH D. melanogaster MSFTLTNKNVIFVAGLGGIGLDTSKELLKRDLKNLVILDRIENPAAIAELKAINPKVTVTFYPYDVTVPIAETTKLLKTIFAQLKTVDVLINGAGI 97
ADH D. pseudoobscura - S--—---- V-——— -R~--V--N D I V- -V--I-- -- 95
ADHTY D. melanogaster = -D--G-H-CY--DC--~A-E---V-MTKNIAK-A--QST---Q--RQ-QS-K-STQIF-WT----MAREDMK-YFDEVMV-MDYI----—-- TLC 96
ADHTY D. pseudoobscura = YD--G-H-CY--DC---A-E---V-MTKNIAK-A--QSV---P---Q-QS-KHSTQIF~-WTF---MARE-MK-YFDEVMV-MDYI---~-—- TLC 96
FBP2 S. peregrina = MDWN----VY-G-FS-F~-YQVCQMMM-~KPM-H-IVCS~-M--VEMLKK-Q---TS-K-M-VQMNIADYA SIV-GV-QVIGHVGH------- V-G- = 95
FBP2 D. melanogaster = -DW-G---VY-GSFS---WQMMMQ-MQK-I-MMG-MH-M--VEMMKK-Q--~--S-K-V-MOMNLMEKM SIEQAM-KMGOMMGHI--M---E-V- 95
FBP2 D. pseudoobscura - -DW-G---VYAGSFT---WQMVMQ-MQOKKI-MIG-MH-L--VEMMKK-Q-E~~A-K-V-MOMNLMDKV SIEQAMLKMGOMMGHI------ EDV- 95
*M *ox * MMMMMM MMM M M* MM * MMM MMM M M MM MM bl | Gl
ADH D. melanogaster DDHQIERTIAVNYTGLVNTTTAILDFWDKRKGGPGGIICNIGSVTGFNAIYQVPVYSGTKAAVVNFTSSLAK LAPI TGVTAYTVNPGITRTTLVH 192
ADH D. pseudoobSCUra ————=—===m === -==S —— K== 190
ADHY D. melanogaster -ENN-DA--NT-L--MM--VATV-PYM-RKI--T--L-V-VT--I-LDPSPVFCA--AS-FG-IG--R---DP-YYSQN--AVMA-CC-P--VFVDR 193
ADHY D. pseudoobscura -ERN-DA--NT-L--MM--VATV-PYM-RKM--S--L-V-VT--I-LDPSPVFCA--AS-FG-IG--R---DP-YYTQN--AVMA-CC-P-KVFVDR 193
FBP2 S. peregrina A-KDV-T-V---L---I---LMFMPYM--TQS-H--MVVS-S--Y~LEPGPAFS~---AA-HGGIG--R-M-DEHLYHK---AFMCIC~-AL-S-E-MM 192
FBP2 D. melanogaster L-KDV-T-MGM-L--MIQS-MMAMPYM--TQM-M--MVV-MS--Y-LEPAPAFS--AAAMHGILG--R-MGDKMIYQK-~--MFMAMC--L-NSEMMM 192
FBP2 D. pseudoobscura L-KDV-T-MGM-L--MIMM-MMAMPYM--TQM-M--MVI-LS--Y-LEPAPTFA--AAA-HG-LG--R-MGDKIIYQK---MFMAMC--L-N-EMMA 192
M MY **MMMM MM M MY MM*M**M M ** * M *x kM M **M M M * mm
ADH D. melanogaster KFNS WLDVEPQVAEKLLAHPTQPSLACAENFVKAIELNQNGAIWKLDLGTLEAIQWTKHWDSGI 256
ADH D. pseudoobscura ---- = = ———==—- R-——-———- E----T-QQ K P-T--Q - 254
ADHY D. melanogaster ELKA F-EYGQSF~-DR-RRA-C-STSV-GQ-I-N---RSE~--Q--IA-K-G--LVKLHWY-HMADQFVHYMQSNDEEDQD 272
ADHY D. pseudoobscura ELTA F-EYGQSF-DR-RRA-C-STAV-GQ-I~-N---RSE--Q--IA-K-G--SVALHWY-HMADQFVNYMQSTDDEDQEFFLGQR 278
FBP2 S. peregrina NKRDMNWMK -VPHSEEMWKMVMDAKM-~TPEE--V-MMT-M-QAK----YICSTSGMKE-TP-VYMH 258
FBP2 D. melanogaster NLRD NVTWHHSESMV-ATESAKR-MPEEA-MQMIH-M-MMK - - SM- IVNM-Q-KEVTP-M--QM 256
FBP2 D. pseudoobscura NLRD NVITWHHSESMV-AIESAKR-MPEEA-VQMT - -M-MMK - - SM- IVNM-Q~KEVMP-M~-QM 256
M MM M*M M MM *M*MM ** M M M M MM

Fig. 2. Alignment of the FBP2-ADH-ADH multigene family.Bold letters:methionines (excluding start codom)ashes:same amino acids as in
D. melanogasteADH. Gaps:insertions/deletiondBold “M” on lower line: methionine site present in at least one sequence (67 si&@ss on
lower line: same amino acids in all sequences (32 sites).

only in the D. melanogasteFBP2 sequence and three and Hudson 1991). An alignment of the family of se-
were present only iD. pseudoobscuradccumulation of  quences is shown in Fig. 2. ADH and ADltom D.
methionines betweeD. melanogasteandD. pseudoob- melanogasteand D. pseudoobscuravere compared to
scuraseems to have proceeded independently in the twehe three available sequences of FBP2. ADH was taken
species, as already noted betwdznmelanogasteand  as the reference. There are 33 strictly conserved sites in
S. peregrina. this set of sequences. Among these, nine are glycines and
There is no indication that methionines result from afour are valines. Glycine is a small nonpolar amino acid
special class of mutation. Among single-step changeshat can fit in inner parts of the folded protein structure
two occurred in first position (mutation toward A), three (Jarnvall et al. 1984). In order to determine whether the
in second position (mutation toward T), and two in third conservation of sites was coincidentgt tests were per-
position (mutation toward G). Six methionine changesformed inD. melanogastertaking each protein in turn
involved at least two nonsynonymous mutation StepS(ADH, ADH' or FBPZ) and testing for random associa-
17.2% ofFbp2amino acids (44 out of 256) are methio- tion of conserved and replaced sites with the other two

nines inD. pseudoobscura. proteins. The difference was always highly significant

According to several other parameters, the amino acigyhether methionine positions were included ¢ 28, 1
structure of the two proteins is similar. The hydropathy 4t p < 0.001) or excludedy@ > 38, 1df, P < 0.001).

profile of FBP2 in D. pseudoobscurgnot shown) is Methionines are found in 67 positions in the entire
identical to that formerly published for the two other multigene set. There are some methionines in ABH

species (Rat et al. 1991). Its acid/base content (aspartijg melanogastet4.4%) andD. pseudoobscuréd.7%).

f"md glutgmic acids/arginine and lysine) is similar andThree methionines are aligned in all AD&ind all FBP2
intermediate (24/22) between that Bi melanogaster sequences. This indicates an accumulation of methionine

(23/20) and that 06. peregring21/22). The evolution of before divergence betweehdH and Fbp2. The three

the protein has been conservative in respect to the dis- : A
tribution of hydrophobic and hydrophylic residues, andmatchmg methionines between ADBINd FBP2 suggest

o the electric charae of the protein either that ADH lost methionines which were present in
9 P ' the common ancestor or that ADHs evolutionarily
closer to FBP2 than to ADH. Figure 3 clearly shows that

Comparison of Proteins From the methionine fixation was a parallel trend in all FBP2 lin-
ADH-ADHdup-FBP2 Multigene Family eages, since most of them are present at different posi-
tions.

The phyletic diagram obtained from amino acid diver-  Four positions out of 67 depart from a cladistic pattern
gences at nonmethionine positions (Fig. 3) shows thabf methionine accumulation. Two positions show me-
FBP2 diverged from ADH at about the same time as thethionines in all ADH and FBP2 sequences, excepSn
conceptual protein (ADH encoded by anothekdhdu-  peregrina FBP2. Two positions show methionines in
plicate, AdH (Schaeffer and Aquadro 1987; Kreitman FBP2 sequences, except . pseudoobscuraThese



ADH D. melanogaster M-------=- - - oo mmoo———--—--- 0
ADH D. pseudoobSCUra M ~=-== === - s e o o —— oo —————--o--- 0
ADHTY D. melanogaster M ------ M-----mmmmm oo M-M--M-M- - ~-MM- - - - - M-----om o M-ommmmmmmm e e 9
ADHY D. pseudoobscura M ------ M--==--omm-mo- M-M--M-M---MM----- MM-------- M---mmmmmmmmmmmemmoooo 10
FBP2 D. melanogaster M -MMM--M-MMMMMM-M-MM-M-MM-MMMMMM- - -MMMM ~MMMMMMMMMMMMMM ~ - -MMM ~MMMMM - -M- 49
FBP2 D. pseudoobscura M -M-M--M-M-M+MM-M-MM- - -MM-MM-MMM~MMMMMM -MMM - -M-MMMMM+M~ ~ -M~-M-MMMMM-MM~ 42
FBP2 S. peregrina M M---MMMM- - -MM-M- -M~ - = =~ - = - +---+--=-MMM- - -M- -M- -M- -MMMMMM - -MMM- - - -M--M 26
1 2 3 4
100[—————[0] 0 ADH D. melanogaster
[-3]
I——[0] 0 ADH D. pseudoobscura
100,—[0] 9 ADHY D. melanogaster
[6]
L—[1] 10 ADHY D. pseudoobscura
[3]
100|—[10] 49 FBP2 D. melanogaster
100 [26]
[10] I—[3] 42 FBP2 D. pseudoobscura
[13] 26 FBP2 S. peregrina

Fig. 3. Patterns of methionine replacement in the FBP2-ADH-ADH proteins. The tree was obtained using the pairwise comparison option
family. The upper part of the figure shows the alignment of amino acid of program MEGA (Kumar et al. 1993) for Poisson-corrected differ-
residues having a methionine in at least one sequencendineer at ences. Positions where a methionine residue was observed in at least
the end of each linés the number of methionines minus both the start one gene were exclude8ilumbers above nodewe boostrap values
codon and those codons that are deleted in at least one aligned sever 100 replicatesBoxesshow the number of methionine positions
quence.Dashescorrespond to nonmethionine amino acitlembers  separating successive nodes. Teois for ADH. This is why the

1-4 on the bottom line correspond to “ambiguous” cases—that is, to number of methionines increases from the left (root) to the right (pre-
positions where a methionine was either lost in one sequence (“+"”) orsent), except for the ADH branch. The four ambiguous positions are
independently acquired by the others. The lower part of the figureconsidered to be cases of homoplasy between nonadjacent branches
shows the same pattern as projected on an UPGMA tree based on tl{gain of methionine) in this figure.

number of nonmethionine amino acid differences between the aligned

four cases may be instances of losses of a methionine ithe fact that most single-step mutations lead to another
one lineage. Given the large increase in methionine numhydrophobic amino acid, prevent any further conclusions
ber in all lineages, they may also be instances of parallefrom being drawn. The conservative nature of amino acid
gains in methionines in the other genes. 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
Methionine is a hydrophobic amino acid. The compari-multiple changes may be involved. The net gain or loss
son ofD. melanogasteandD. pseudoobscuraequences in & given class of amino acids was estimated for the
shows that in nine cases out of 13, methionine replace@rotein as a whole. The amount of VIAL amino acids is
another hydrophobic residue (valine, isoleucine, alaninglepleted in FBP2 (57 residues) as compared to ADH (95
or leucine, hereafter “VIAL” amino acids); it replaced residues). The loss in VIAL amino acids thus balances
another kind of amino acid (threonine, glycine, serine,76% of gains in methionine. Figure 4 compares the pro-
lysine) in only four cases. Both the conservation of bio-portion of the 20 kinds of amino acids in FBP2 and
chemical properties and the mutation pattern can explai\DH. Four amino acids are underrepresented in FBP2:
this distribution. Only one mutation step leads to methi-threonine, isoleucine, alanine, and leucine, (hereafter
onine (ATG) from isoleucine codons (ATT, ATA, ATC; “TIAL"” amino acids). They decrease from 100 in ADH
13 residues iD. melanogaster Fbpg2and from the fre-  to 50 in FBP2, thus seeming to compensate the gain of 50
qguently used codons for leucine (CTG, six residues oummethionines. The reduction in isoleucine, alanine, and
of 11 in D. melanogaster FbpZjone for TTG) and va- leucine was expected from their strong hydrophobicity.
line (GTG, eight residues out of 19 ID. melanogaster However, threonine is strongly affected by methionine
Fbp2. However, lysine, a strongly hydrophylic amino replacement, while valine, a more hydrophobic amino
acid, also differs from ATG by one step in its mainly acid of similar form and size, is only mildly affected.
used codon (AAG, 14 residues out of 160n melano- We also examined the replacement of methionine by
gaster Fbp2, and the same is true for threonine (ACG, amino acids of mild hydrophobicity. We considered the
four residues out of 12 i. melanogaster Fbp2 The  impact of each amino acid on the overall hydropathy of
relatively small contribution of lysine suggests that all the protein. Conservation in hydropathy can be assessed
methionine mutations are not advantageous. The smallsing Hopp and Woods’s (1981) index, which assigns a
number of changes involved, and the bias introduced byalue to each amino acid. The scale ranges from —3.5 for

What Kinds of Amino Acids Are Substituted
for Methionine?



N
(o]

50 0
2]
s 3 O ApH
] Y 50 M rep2
o
5 [¢]
H g 40
4 %
R 30
5
5 w
g 020
0 M ¢ VT L A I K NE S Q D P F Y HWR C N
2 10
Fig. 4. Number of residues for each kind of amino aciddnmela- E m
0

nogasterADH and FBP2. Amino acids are ranked according to their
order in the total distributionhfgher histogram Black rectangles:
FBP2 residuesempty rectanglesADH residues.

0 Q Q v 9
o — - o o

«
«

W -34
S 03

G+P 0.0
N+Q 0.2

o <« =

M -1.3

L+l -1.8

> >

Polar 3.0

Hydrophobicity
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hydrophylicity (lysine, arginine, histidine, aspartic acid, hydrophobicity (left) to extreme hydrophylicity (right). Amino acids
and glutamic acid). The score of methionine is —1.3. Theare shown by theione-letter codePolar amino acids are aspartic acid,
mean and standard deviation of individual amino acidglutamic acid, lysine, arginine, and histidine.

scores over 255 residues are, respectively, —0.23 £ 1.72

for ADH and -0.22 + 1.67 for FBP2 (= 0.915, N.S.F  nase,Escherichia coliglucitol-6-phosphate dehydroge-
= 1.07, N.S.). The two values are virtually identical, nase, Pseudomonase pseudoalcaligerdisydrodiol
meaning that methionine accumulation was achievediehydrogenase, human B7hydroxysteroid dehydroge-
with a strict conservation of hydrophobicity in the poly- nase, mouse adipocyte glucocorticoid controlled gene,
peptide. Figure 5 shows the contribution of each amincRhyzobium melilothodulation protein GEubacterium
acid to hydropathy in ADH and FBP2. On this scale, 27-kD protein, andSteptomyces coelicoldgkct 11l gene
leucine and isoleucine (-1.8) are more hydrophobic tharprotein (references in Rat et al. 1991). These proteins
methionine, while alanine (-0.5) and threonine (-0.4) areshow amino acid signatures that are characteristic of the
less. The two groups of amino acids were depleted to roup, and are very divergent for the rest of their se-
similar extent while the proportion of methionine was quence. The average number of methionines in these
increased. The relatively small decrease in valine is probproteins is 6.33 (SD= 1.87), the proportion of methio-
ably due to its involvement in four conserved sites. Thenines among amino acids being 2.35% (57 out of 2419
smaller decrease in alanine than in threonine, two amin@mino acids). The number of methionines is significantly
acids of similar hydrophobicity (=0.5 vs —0.4), probably |ower than this inDrosophila melanogasteADH (G =
results from the fact that a single mutation step can lead 0.954 with Williams correction, tif, P< 10°3), signifi-
from threonine to methionine (ACG to ATG), while two cantly larger in FBP2 (G > 5@ < 10°3), and not sig-
changes, at least, are necessary between alanine and mgficantly different in Drosophila melanogasteADH"
thionine (GCG to ATG). When all six amino acids are (G = 0.925,P > 0.30). This suggests that there has been
considered together (methionine, and valine, threoninean accumulation of methionines in FBP2 and a loss of
isoleucine, alanine, leucine), their mean contribution tomethionines in ADH as compared to the ancestral pro-
hydrophobicity is remarkably similar in the two genes: tejn. Available data also show that this process is rela-
-1.19 £ 0.79 in ADH N = 123) and -1.24 £ 0.71 in tjvely recent since the methionine content differs in the
FBP2 (N = 120). CalyptrateSarcophaga peregring29 residues, 11.3%)
and in the Acalyptrat®rosophila melanogastébl resi-
dues, 20%). The first purpose of the present study was to
Discussion check whether methionine accumulation was still active
or at rest among drosophilids. The observed proportion
The evolution of FBP2 shows a tendency to accumulatef amino acid changes involving methionine betw@&en
one type of amino acid, methionine. Before this study, itmelanogasteandD. pseudoobscurél3 out of 28, 46%)
was known that the number of methionine residues varshows that changes in the number of methionine are
ied from one—the start codon—in mature ADH to 51 in active, or were active until recently, in FBP2. It is worth
FBP2 (Rat et al. 1991), while the two proteins are onlynoting that in contrast to this, no amino acid replacement
256 amino acids long. This suggested that there was mvolving methionine was observed in ADH between
tendency toward either a loss of methionine in ADH or athese two species, where this amino acid is virtually lack-
gain of methionine in FBP2 or both. We confronted theseing, except for one residue at position 119 in species
hypotheses by comparing these proteins with related praelated toD. mulleri (Fisher and Maniatis 1985).
teins from the “short-chain dehydrogenase” family. We  Conservation of all the other properties of the poly-
counted the number of methionines in nine proteins fronpeptide sequence is equally striking in this gene. The
this group, includingBacillus megatheriunglucose de- accumulation of one kind of hydrophobic residue over
hydrogenaseKlebsiella aerogenesibitol dehydroge- one-fifth of its length could be expected to substantially
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change the hydropathy properties of the polypeptide Percent amino acids
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 ' M
results in hydrophobicity being strictly conserved, both
in its mean and in its standard deviation, as compared to i A
ADH. Conservation of other parameters had previously i
been deduced from the sequence (Rat et al. 1991). The i B
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 i Koy '} D, pseudoobscura
of short-chain dehydrogenases in FBP2 than in ADH. _—E D. melanogaster
We advance no hypotheses as to why methionines u k,,
have accumulated in FBP2 and not in ADH. ADH,
ADH', and FBP2 belong to ‘“short-chain” dehydroge- Fig. 6. Graphic model of increase in methionine content over time
nases, a group also Comprising polyol dehydrogenases ﬁee _tex‘t).M_: meth?onine sitesA: iite‘s‘at WhiCh’ a mutation tt_)ward
bacteria and steroid dehydrogenases in mammals (S%m%ethpnlne is positively gele_cted_( ellglblg sites’B. sites at which a
” . tation toward a methionine is negatively selected or neu@al.
review in Rat et al. 1991). No substrates are known fofinyariable sites, at which any mutation is negatively selected (including
ADH'" and FBP2, and we do not know if the common the methionine start codont,: presentit,: most recent common an-
ancestor of these three proteins was an alcohol dehydrgestor (MRCA) betweed. melanogasteand D. pseudoobscura;,t
genase. Tamura et al. (1983) consider it a storage proteiMRCA between Acalyptrate ?”F‘ Cglyptrate. Rates of substittk;iare
This is a possibility, since FBP2 makes up a large fraC_assur_neq to be constant within Ilnt_ea_ges. Backward mutations from
. . ; - methionine are assumed to be negligible.
tion of soluble proteins in the last-larval-instar fat body
both in Drosophila (Lepesant et al. 1978) an8ar-
cophaga(Tamura et al. 1983). There is, however, no (Fig. 6): Conserved sites are constant in the multigene
evidence of a degeneracy of the protein structure. Confamily; variable sites can change to another amino acid;
served parts of the putative polypeptide include theand eligible sites are those variable sites that can accu-
NAD™ coenzyme-binding site (Rat et al. 1991). Kolker mulate methionine changes. This allows us to estimate
and Trifonov (1995) showed that when proteins are prothe rate of methionine fixation. Le%, be the number of
duced from an ancient gene fusion, methionines foundligible sites where no methionine change has occurred
within the polypeptide may be remnants of former startat timet. Let k; be the rate of methionine fixation at these
sites, a mechanism that would apply to 20% of proteinssites in lineagé. Provided that the selective advantage of
This hypothesis cannot apply to FBP2, where methio-each methionine is similar and that there is no backward
nines make up one out of five residues, and frequentlychange, rate&, can be considered constant. Methionine
occur in tandems of two or three. We can also rule ouffixation is an exhaustive process that can be written:
that these methionines constitute alternative start codons,
first because they occur on the whole length of the pro- A=A, (1-k) ()
tein, and second because the FBP2 protein has been well
characterized as a single spot in denaturing gel electronvhereA, is the number of empty sites at the beginning of
phoresis (Lepesant et al. 1978; Tamura et al. 1983). lineagei. Formula (1) cannot be applied in this form,
sinceAq is unknown. It cannot be derived from sequence
comparison, since methionine replacements can have
Rate of Methionine Fixation in FBP2 occurred independently in the same position in two lin-
eages. A derived formula can be used, where methionine
The very slow accumulation of methionine over time replacements are counted only over the eligible sites that
suggests that this residue contributes little to fitness. Thisiave not been replaced by methionines in the other lin-
can be substantiated by estimating the average selectiwage. LetA; and A, be the number of eligible sites re-
gain in methionine. The accumulation of methionines inmaining empty in lineageisandj, respectively, at timé
all FBP2 lineages suggests that the number of methioket A; be the number of sites remaining empty in both
nines in the protein acts as a selected quantitative trait. Aineages at time. Assuming that methionine replace-
reasonable hypothesis is that each new methioninenents occur independently in the two lineagesan be
change provides some quantum of selective advantagealculated by comparing; to A;:
The rate of methionine accumulation can be calculated
from a model based on the observation that a subset of AIA = (1-k)' (2)
amino acid positions can be replaced by methionines. It
is possible to divide FBP2 residues into three categoriefinally, the rate of methionine fixation in lineagés:
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ki =1- [Aij/Aj]llt 3) Table 1. Rate of methionine fixation per $qears in FBP2
This formula was used after estimating its parameters as Hypothesis
follows: H, H
. A . 00 125
1. The estimate of the number of eligible sites was

deduced from the fact that methionine preferentially re_?:er;ozhaga o 12-72907408) o 00§$9g 275
plag:es so.me.klnds of amino acids. It replaces “VIAL” Drosgph”a 0.589 0.403
amino acids in 76% cases. It also exactly compensategeage (0.450-0.704) (0.299-0.497)
the loss in “TIAL” amino acids. This provides an esti- D. pseudoobscura 0.535 0.378
mate of 125 and 100 eligible sites, respectively, for eaclys melanogaster (0.272-0.772) (0.187-0.556)

hypothesis. This does not imply that FBP2 can accom-, o . o -
. . The rate was calculated per eligible amino acid site for methionine
modate 100 t9 125 methionines at a F'm?' These Valueﬁation; under hypothesibl, o there are 100 eligible sites; under hy-
are at least twice the number of methionines. They onlyyothesisH, ,,, there are 125. The rate was calculated according to
imply that when the protein has accumulatechethio-  equation 3, which compensates for the decrease in eligible sites as

nines, any of the remaining eiigibie sites can provide themethionine fixation goes on. The time scale in units dfyi€ars is only
next. x + 1t change intended to give an order of magnitude, since only the relative age of

. . . each lineage (see text) is important for comparing species. Confidence
2. The time elapsed since the divergence betweep ge ( ) P paring sb

o imits (P < 0.05) are calculated from the binomial distribution on ob-

Sarcophagaand Drosophilalineages (hereafter), and  served methionine sites
since the divergence betwe&h melanogasteand D.
pseudoobscuréineages (hereaftdr), is broadly known
from the paleontological record. The divergence betweeiihe acalyptrate (i.eDrosophilg lineage (0.535 vs 0.589
acalyptrate and calyptrate flies occurred between 65 andnder hypothesisi; o 0.378 vs 0.403 under hypothesis
135 MYA (million years ago) (reviewed by Beverley and Hi25)- This rate is not significantly different from the rate
Wilson 1984). The divergence between thelanogaster  in Sarcophagaince it is based on small values. It cannot
group and thebscuragroup probably occurred 20 MYA be compared to the acalyptrate rate since the two values
(Throckmorton, cited in Kreitman 1987). These esti-are interdependent. They are, however, very close, thus
mates are necessarily inaccurate, since dipteran fossigowing that methionine accumulation has undergone no
are scanty (Grimaldi 1987). We estimated the phyleticchange in rate over time in tHerosophilalineage.
distance between genes from the internal standard pro-
vided by variable sites in F.BPZ‘ Amlnq . replgpe- Estimation of the Selective Advantage of Methionines
ments were counted over sites, excluding all positions, cgpo
where a methionine change had occurred, and all con-
served positions of the multigene family. When PoissonThe replacement of a subset of FBP2 amino acids by
corrected for multiple hits, this factor wagt; = 5.04.  methionines took several million years. This suggests
Taking the divergence betweé&n melanogasteandD.  that the mean selective advantage of a methionine
pseudoobscuras 20 MY, the divergence betwe@mo-  change is small. The average advantage can be estimated
sophilaandSarcophagavould be about 100 MY. These as follows. Letu,, be the ATG (methionine codon) mu-
values may involve some error, but they provide an ordegation rate and, the synonymous mutation rate fipp2.
of magnitude and are reasonably consistent with paleontet K, be the methionine accumulation rate, akig
tological evidence. the synonymous substitution rate. If synonymous

The rate of methionine fixation was calculated perchanges are neutral and methionine changes are selec-
eligible site and per 100 MY over lineages. In the aca-tive, it can be shown (Kimura 1977) thi{, = u,, and
lyptrate lineage, it was based on the mean number oK = 4N.u,s, whereN, is the effective population size
methionines inD. melanogasteandD. pseudoobscura. and s the mean selective advantage of a methionine

The rates calculated under hypothebgg, andH,,sled  change. These formulae combine to give:
to similar results (Table 1). In either case, the rate in the

line leading toDrosophila since the Calyptrate/ 2N = Y2+ (K /Ky« (U/u) (4)
Acalyptrate divergence was equal to twice the rate in the

line leading toSarcophaggrespectively 0.589 vs 0.297 In practice, this formula was applied as follows to the
under hypothesikl,,; and 0.403 vs 0.194 under hypoth- divergence betweeb. melanogasteand D. pseudoob-
esisH;,J). The difference was significant in both cases. scura:

The rate of methionine fixation betwedh melano- 1. Theu,/u, ratio was estimated by performing all
gasterand D. pseudoobscuravas calculated from the possible synonymous substitutions considered as being
total number of methionine changes (13) between theequally probable in the combined codon usage table of
two species. We assume that the rate of fixation is théd. melanogasterand D. pseudoobscurdor Adh and
same in themelanogasterand the pseudoobscura Fbp2. Calculated over the whole sequence, thgu,
branches. This rate was nearly exactly equal to the rate imatio is 0.125 inAdhand 0.115 irFpb2,and the average
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Table 2. Estimates of the parameteN, under two hypothesés vantage of methionines, if any, is very small, as expected
from the fact that the protein accumulated them very

Hypotheses slowly over millions of years. However, the phylogenetic
Hio0 Hyos pattern of this accumulation (Fig. 3) shows little evi-
dence of reversion, as if the selective advantage of me-
Ksropz) = 0.9407 3.694 L7719 thionines had remained high enough to exclude random
K = 1.6830 2.064 0.994

=9 loss. Since any durable decrease of the population size

HypothesisH, 40 andH, s are as in Table 1. The rate of synonymous during evolution would also have led to losses of me-
substitution per nucleotideX,, is either the rate observed iRbp2 thionines, this also suggests that the effective population
betweerD. melanogasteandD. pseudoobscuréupper line) or the rate size. estimated at around 1-3.25° @tweenD. mela-
observed in a set of “low-constraint genefg) comprised ofSry3, ! ’ -
Est5/Est6 and Adh-dup(lower line) nogasterandD. pseud.oobscura?;erry et al. 1991: Saw-.
yer and Hartl 1992; Riley et al. 1992), has remained high
) ) ] ] during Drosophila evolution.
value of 0.120 was retained. This ratio was not appliedto  These calculations are not necessary to show that me-

the 2_56.re3|dues of_the protein. Our hypothes_ls is thafhionine changes in FBP2 are selective, that they confer
methionines appear in a su.bset of the amino acids and dé?very slight advantage, and that they are lineage depen-
not' revert to another amino acid. .There'fou;,, Was  dent: This is apparent from the protein alignment. FBP2
welghte_d for the nonmethionine amino acids, whijg shows that a protein can tolerate selection at 46% of its
was \_/velght_eo_l for the average humber Of_ empty_(nonme-amino acid replacements. We do not know if these con-
:Elaotmige)sf Iégf:;;tf]%gtm;i’lvm;:g%glgSlfr?dcgsh_ _ Clusions are valid for proteins where amino acid changes
' ' 00 ' ¥" do not involve the same residue. The divergence between

EOtﬁES;lSZE*ngr]:g %a(?zétﬁiéitrlwugltigﬁ% under D. melanogasteand D. pseudoobscur&BP2 involved
yp oo ' yp 25 an average of 6.5 selective (i.e., methionine) replace-

2. The rate of methionine fixation was calculated as a . . - .
rate of decay per amino acid, as calculated in Table 1. Inments per lineage in about. 20 m|I_I|ops years. This rate
this case, we used the rate for time units of twice 20COUId apply tq 41,000 prot.ems of similar size, at t.he rate
million years, corresponding to the divergence betweer?f one selective SU.bStItutIOI’l every 300 generations. In
D. melanogasteandD. pseudoobscura. other words, selection could be the cause of about half

3. The rate of synonymous substitutié was cal- the amino acid substitutions of an organism like Dro-

culated using Jukes and Cantor's correction according t§OPhila with a moderate replacement load per generation.
Kumar et al. (1993) as a per-site synonymous substitu- Another question raised by this study is why the rate
tion rate betweerD. melanogasterand D. pseudoob- of methionine fixation is different |rDrosoph|Ia_an<_j in
scura. The rate of synonymous substitution corresponds>arcophagaAs noted above, the rate of methionine ac-
to a rate of neutral fixation only if synonymous changescUmulation per time unit can be writtéfy, = 4NeUys.
are neutral. The codon usage Fbp2 and Adh (Sharp D|fference_s between lineages can .res.ult from changes in
and Li 1989) is highly biased, and several studies shovin€ selective advantage of a methionine or in the popu-
that synonymous substitutions are probably constrainettion size. A third possibility is that time units are dif-
by selection (Moriyama and Hartl 1993; Carulli et al. ferent since generation time can differ between lineages.
1993; Hartl et al. 1994; Akashi 1995). For this reason, weNO estimates exist for effective population size and gen-
used two measures &€, First, we used its value for erationtime in past dipteran lineages. An allozyme based
Fbp2. We calculatedK, for a group of genes with low estimate of heterozygosity among calyptrate flies is
codon usageSnP (Ferrer et al. 1994)FEst-5B/Est-6 known from Musca,where its value is 0.186 iM. au-
(Brady et al. 1990), and\dH (Schaeffer and Aquadro tomnalis,and 0.115 inM. domestica(Krafsur 1993;
1987; Kreitman and Hudson 199K, was then calcu- Black and Krafsur 1985). It is similar to that @ro-
lated on pooled codons, except for those that were at theophila melanogaste(0.132) andD. pseudoobscura
intron/exon junction. These genes constitute a lowel0.123) (from a review by Nevo 1978), thus suggesting a
limit for selection on silent substitution and therefore similar effective population size. Effective population
provide a confidence limit for the estimate aia. size is, however, a short-term parameter in evolution. In
Results are shown in Table 2. The value ®f.2is  the Drosophila genus, effective size is probably very
between 2.0 and 3.6, depending on the hypotheses on tivariable, as suggested by large differences in allozyme
saturation in methionine. When the set of low-constraintheterozygosity varying between 0.252,0n affinis, and
genes is used as a reference for synonymous substitutio,025, inD. orthofasciatalNevo 1978). We do not know
this value is 1 if saturation in methionine is lom{,5).  which of these species, if any, are representative of past
According to the neutral model (Kimura 1983N\2 = lineages. Generation time also differs betwd@ro-
1 is the threshold above which an allele can be selectedophilaspecies. I'D. pseudoobscurat is about twice as
Below this value, stochastic effects are prevalent, andong as inD. melanogasterThis may explain why fewer
allele frequencies fluctuate randomly. The selective adimethionines have accumulated in the first species (43)
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than in the second (50)_ Theory predicts that fewer meKrafsur ES (1993) Allozyme variation in stable flies (Diptera: Musci-
thionines will be present in species with a long genera- dae). Biochem Genet 31:231-240 _
tion time and in species with low effective population Kreitman M (1987) Molecular population genetics. In: Harvey PH,

. . . . Partridge L (eds) Oxford surveys in evolutionary biology, vol. 4.
size. In the first case, the rate of accumulation will be 5 University Press, Oxford, pp 38-60

slower. In the second case, methionines will be IOStKreitman M, Hudson R (1991) Inferring the evolutionary histories of
through random drift. Loci that, likEbp2, have measur- the Adh and Adh-duploci in Drosophila melanogasteirom pat-
able low selective effects on molecular changes, are terns of polymorphism and divergence. Genetics 127:565-582
therefore interesting systems for testing predictions oKumar S, Tamura S, Nei M (1993) MEGA: molecular evolutionary
evolutionary theories. genetics analysis, version 1.0. The Pennsylvania State University
Lepesant JA, Kejzlarova-Lepesant J, Garen A (1978) Ecdysone-

knowled hank . - d Didi inducible functions of larval fat bodies iBrosophila. Proc Natl
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