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Abstract. We have characterized two cDNA clones 
from the nematode Caenorhabditis elegans that display 
similarity to the alcohol dehydrogenase (ADH) gene 
family. The nucleotide sequences of these cDNAs pre- 
dict that they encode Zn-containing long-chain ADH en- 
zymes. Phylogenetic analysis suggests that one is most 
similar to dimeric class III ADHs found in diverse taxa; 
the other is most similar to the tetrameric forms of ADH 
previously described only in fungi. 
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Introduction 

Alcohol dehydrogenase constitute a large family of re- 
lated enzymes and isozymes. Numerous ADH genes, 
cDNAs, and proteins have been sequenced from a phy- 
logenetically diverse group of taxa. Decades of intense 
study have revealed many of the complexities underlying 
the evolution of this gene family. There have been many 
instances of gene duplication and divergence in the ev- 
olutionary history of ADH (Cederlund et al. 1991). Vari- 
ation is observed at every level of protein structure and 
ADH enzymes exhibit a wide range of substrate speci- 
ficity (Jornvall et al. 1987). Changes are seen with re- 

Correspondence to: J.J. Co l l in s  

spect to coenzyme and cofactor binding as well (Sun and 
Plapp 1992). Diverse mechanisms regulate ADH gene 
expression. Extensive variation is seen with respect to 
tissue-specific expression and developmental regulation 
(Corbin and Maniatis 1990) as well as cellular compart- 
mentalization (Shain et al. 1992). The evolution of these 
genes and enzymes is further complicated by instances of 
gene conversion (Shain et al. 1992), gene amplification 
(Paquin et al. 1992), pseudogene formation (Matsuo and 
Yokoyama 1990), and functional convergence among 
distantly related enzymes (Danielsson and Jornvall 
1992). 

Known ADHs can be divided into three main groups 
based on the metal cofactors required for catalysis. The 
first group, represented by Drosophila ADHs, are short- 
chain dehydrogenases that require no metal ions (Jorn- 
vall et al. 1981). The second group includes ADH from 
Zymomonas mobilis, a fermentative bacterium, and pos- 
sibly enzymes f rom other prokaryotes  and yeast  
(Williamson and Paquin 1987; Conway and Ingram 
1989). This group is characterized by the requirement of 
iron for activity. The third group represents a function- 
ally heterogeneous group of proteins including represen- 
tative prokaryotic, protistan, fungal, plant, and animal 
ADHs. Examples include the fermentative enzyme from 
yeast and the classic liver ADH (Sun and Plapp 1992). A 
comparison of activities among members of this family 
reveals that some are distinct enzymes whereas others 
are simple isozymes. These enzymes all require Zn as a 
cofactor and are long-chain dehydrogenases. 
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The th ree-d imens iona l  crystal  structure has been 
o 

solved at 2.4-A resolution for the horse liver ADH (Ek- 

lund et al. 1976). This information has been used to 
predict the tertiary structure of other members of the 
A D H  fami ly .  Wi th in  the Zn-con ta in ing  long-cha in  
ADHs,  major types can be distinguished based on the 
number of subunits in the active form and the number of  
Zn atoms bound by each subunit. The plant and animal 
ADHs characterized to date are all thought to be dimeric 
enzymes (with two Zn atoms/subunit). Tetrameric forms 
of ADH (with two Zn atoms/subunit) have been identi- 
fied in fungi, exemplif ied by Saccharomyces cerevisiae 
ADHI  and ADHII  (Jornvall 1977; Russell et al. 1983), 
but not in plants or animals (Sun and Plapp 1992). In 

addition, there are several proteins which possess distinct 
enzymatic activities that share significant sequence iden- 
tity with Zn-containing ADHs. These include the verte- 
brate sorbitol dehydrogenases which are tetrameric and 
bind one Zn atom/subunit  and ~-crystallin from guinea 
pig lens (Sun and Plapp 1992). 

Al though ADH genes, cDNAs,  and proteins have 
been sequenced from a wide range of organisms, signif- 
icant gaps remain in the phylogenetic-distribution of  the 
taxa studied. A striking example of  such a " g a p "  exists 
in the invertebrates. For this immense and diverse animal 
group, our knowledge is l imited to Drosophila and ceph- 
alopod ADHs.  The wel l -character ized " shor t - cha in"  
ADHs were thought to be the only insect forms until the 
recent report of a Zn-containing ADH in Drosophila 
(Danielsson et al. 1994). The Zn-containing ADHs found 
in cephalopods (Fernandez et al. 1993) and Drosophila 
are typical class III ADHs.  The observation of  glutathi- 
one-dependent formaldehyde dehydrogenases in these 
invertebrates supports the ubiquitous phylogenetic distri- 
bution of class III ADHs. However,  members of  other 
classes of  Zn-containing ADH have not been reported in 
invertebrate taxa. 

We report here the analysis of two ADH-encoding 
cDNAs from a well-characterized metazoan invertebrate, 
the nematode Caenorhabditis elegans. This organism has 
emerged as a premier model  organism for molecular  
genetic analysis of metazoan development (Wood 1988). 
As one of  the most anciently diverged metazoans, this 
species provides important perspective on the distribu- 
tion of  the ADH gene family in animals. 

Methods 

ADH cDNA Clones. cm01d5 and cml4h3 were isolated from a sorted 
cDNA library constructed in bacteriophage lambda vector SHLX2 by 
Chris Martin (Palazzolo et al. 1990). They were generously provided to 
us by R. Waterston. The cDNA inserts were automatically subcloned 
into the pRATII plasmid vector by growing recombinant phage in an 
Escherichia coli host expressing P1 recombinase (Cre), promoting re- 
combination between loxP sites flanking plasmid sequences in the 
SHLX2 vector. Plasmids were purified using Magic Miniprep columns 
(Promega) according to the manufacturer's recommended conditions. 

Genomic Southern Blot Analysis. Our methods for nematode 
growth, DNA extraction, and Southern blot analysis have been de- 
scribed elsewhere (Collins et al. 1989). To prepare hybridization 
probes, cDNA inserts were amplified via PCR from plasmid templates, 
using oligonucleotide primers specific for SP6 and T7 promoter se- 
quences (see below) that flank inserts in the pRATII vector. Amplifi- 
cation products were radiolabeled by the random primer method (Fein- 
berg and Vogelstein 1983). 

DNA Sequencing. To obtain templates suitable for DNA sequence 
analysis we amplified cDNA inserts via PCR using SP6 and T7 prim- 
ers. Templates were sequenced using the cycle sequencing method with 
dye-labeled dideoxy terminators according to the method of the man- 
ufacturer (Applied Biosystems). Extension products were purified in 
Centri-sep spin columns (Princeton Separations) and sequence deter- 
mined using the ABI 373A automated sequencer. 

Initial sequence was obtained from the SP6 primer. Complete se- 
quences fiom each clone were obtained by designing additional primers 
as sequencing progressed. 

Primer sequences are as follows: 

SP6 (5'-ATAGAATATGCATCAAGCTGAG-3') 
T7 (5'-ACTATAGGGAGCTAAGCTTGG-3') 
cm01d5-250 (5'-CCTGTGCTATGGGAATGAGA-3') 
cm14h3-406 (5'-GATTTATGCCCGATGGTTCA-3') 
cm01d5-570 (5'-CGTCTTGACGTAGATGAAGC-3') 
cm14h3-739 (5'-CCAAATTCTTCGGAGCCACC-3') 
cm14h3-1094 (5'-TACTCATCGCTGGAACATTG-3') 

Sequence Analysis. Deduced amino acid sequences were derived 
for both C. elegans ADH cDNAs. These sequences were aligned with 
22 other members of the Zn-containing ADH family using PILEUP 
(Devereux et al. 1984), a program that creates a progressive alignment 
based on pairwise comparisons of sequences (Feng and Doolittle 1987). 
A phylogenetic tree was constructed from the overlapping portion of 24 
aligned ADHs (residues 123-422 from Fig. 2) using the protein parsi- 
mony algorithm (Swofford 1993). Subsets of the genes were used to 
construct trees which were subjected to bootstrap analysis (Felsenstein 
1985). 

Results 

Characterization of ADH-Encoding cDNAs 

In their analysis of expressed genes from C. elegans, 
Waterston and co-workers identified two cDNA clones, 
designated cm01d5 and cml4h3,  that encode ADH iso- 
forms (Waterston et al. 1992). BLAST analysis (Altschul 
et al. 1990) revealed that cm01d5 is most similar to fun- 
gal ADHs and cml4h3  is most similar to forms of this 
enzyme found in animals. 

We  tested whether these cDNAs are indeed encoded 
by the C. elegans genome (and not the result of  reverse 
transcription of  mRNA from a contaminating organism). 
This concern is especially relevant in this case because of 
the suggestion that one of  these cDNAs exhibits similar- 
ity to a form of ADH heretofore identified only in fungi. 
Such organisms are common contaminants in nematode 
cultures. To investigate this question, we used each clone 
as a probe on genomic Southern blots of  C. elegans 
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Fig. 1. Southern blots of C. elegans genomic DNA. a N2 DNA cut 
with EcoRI and probed with cm14h3 cDNA. b N2 DNA cut witb 
HindIII and probed with cm01d5 cDNA. 

DNA. The "high stringency" conditions used should not 
allow hybridization between heterologous sequences. 
Figure la shows a blot of DNA from the wild-type strain 
Bristol N2 digested with EcoRI. The cml4h3 probe hy- 
bridized with two fragments. We estimate these frag- 
ments to be approximately 3 kb and 4 kb based on mi- 
gration with respect to size markers (data not shown). 
This result is consistent with hybridization to a single- 
copy gene because sequence analysis reveals an EcoRI 
site within the cDNA insert. Hence, we expect the ge- 
nomic region covered by cml4h3 to consist of at least 
two EcoRI fragments. The blot shown in Fig. lb contains 
N2 DNA cut with HindIlI. The cm0 ld5 probe hybridized 
strongly with a 7-kb fragment. Faint hybridization to a 
second fragment of approximately 10 kb is also apparent. 
This is consistent with hybridization to a single-copy 
gene since the sequence of cm01d5 reveals a single 
HindIII site near the 5' end of the cDNA insert of this 
clone. We performed similar analysis using a variety of 
restriction enzymes (data not shown). In each case the 
results support the conclusion that cm14h3 and cm01d5 
are each derived from single-copy C. elegans genes. 

C. elegans Contains Two Distinct Types of ADH 

To determine the relationship of these C. elegans ADH 
genes to each other and to other members of the ADH 
gene family we determined the nucleotide sequence of 

the entire cDNA insert for each clone. Our strategy (de- 
scribed in detail in Materials and Methods) involved 
"walking" across each insert by designing oligonucle- 
otide primers near the 3' end of each stretch of sequence 
obtained. The complete sequence of the coding strand 
was determined for each insert (GenBank accession 
numbers U18780 and U18781). 

The cml4h3 cDNA insert is 1,358 bp and appears to 
contain the complete coding region. We base this con- 
clusion on the following features: At the 5' end of the 
cDNA, a putative translational start (AUG) is preceded 
by 35 nucleotides that likely represent a stretch of 5' 
untranslated region (UTR). This AUG is followed by a 
long open reading frame (ORF) capable of encoding a 
protein of 384 amino acids. This ORF ends with a UAA 
stop codon, followed by 169 nucleotides of 3' UTR end- 
ing with a tract of 20 adenosine residues. The presence of 
a putative polyadenylation signal 15 nucleotides up- 
stream of this polyadenosine stretch supports the idea 
that it represents the poly(A) tail of this message. 

cm01d5 contains a 903-bp cDNA insert. We conclude 
that it contains the entire 3' end of the corresponding 
mRNA because of the presence of a UAA stop codon 
followed by 160 bp of 3" UTR. A putative polyadenyl- 
ation signal is located near the 3' end of this region, 
preceding a poly(A) tract of 20 residues. The 5' end of 
this cDNA is not complete; it begins within the coding 
region of the corresponding transcript. Based on other 
ADHs of this type (see below) we expect that approxi- 
mately 108 N-terminal codons (324 nucleotides) are 
missing. We have information for 239 amino acids out of 
an anticipated 347 amino acids. These 239 residues were 
easily aligned to other members of the Zn-containing 
ADH family and provided a sufficient number of infor- 
mative characters for phylogenetic analysis. 

BLAST searches (Altschul et al. 1990) were per- 
formed with the predicted amino acid sequences of both 
cDNAs. Results revealed that cml4h3 encodes an ADH 
with significant similarity to dimeric ADHs. Similarity 
was greatest to mammalian class III ADHs (score of 978, 
associated Poisson probability of 3.4e-133 for Mus rnus- 
culus ADHX). The cm01d5-encoded ADH is most sim- 
ilar to tetrameric ADHs from yeast (score of 301, asso- 
ciated probability of 8.0e-62 for Kluyveromyces lactis 
ADHI). Figure 2 contains the two C. elegans sequences 
aligned with 22 other members of the Zn-containing 
ADHs. ADH sequences included in the analysis were 
chosen to represent all major classes of Zn-containing 
ADHs characterized to date. The alignment illustrates the 
high degree of overall sequence divergence between 
members of this enzyme family. At the same time, re- 
markable conservation is evident for certain functionally 
important residues in proteins from taxa as different as 
prokaryotes and humans. Table 1 shows some of the 
conserved residues found in the C. elegans sequences. 

Figure 3 shows a phylogenetic tree illustrating the 
branching relationships between members of the Zn- 
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1 110 
ScerevlslaeADHI ..... MSIPE TOKGVIFYES HG..KLEYKD IPVPKPKANE LLINVKYSGV CHTDLHAWHG DWP ....... LPTKLPLVGG HEGAGVVVGM GENVKGWKIG DYAGI~gLNG 

ScerevislaeADHII ..... MSIPE T(~KAIIFYES NG..KLEHKD IPVPKPKPNE LLINVKYSGV CHTDLHAWHG DWP ....... LPTKLPLVGG HEGAGVVV(~ GENVKGWKIG DYAGIKWLNG 
KlactlsADHI ...MAASIPE TQKGVIFYEN GG..ELQYKD IPVPKPKANE LLINVKYSGV CHTDLHAWKG DWP ....... LPTKLPLVGG HEGAGVVVAM GENVKGWKIG DFAGIKWLNG 

KlactlsADHII ..... MSIPE TQKGVIFYEN GG..ELQY~D IPVPKPKANE LLINVKYSGV CHTDLHAWKG DWP ....... LPTKLPLVGG HEGAGVVVAM GENVKGWIIG DFAGIKWLNG 
SpombeADH ..... MTIPD KQLAAVFHTH GGPENVKFEE VPVAEPGODE VLVNIKYTGV CHTDLHALQG D~P ....... LPAEMPLIGG HEGAGVVVKV GAGVTRLKIG DRVGVK~S 

Celegans~01d5 .............................................................................................................. 
ZmobillsADH1 ........... MKAAVITKD HT...IEVKD TKLRPLKYGE ALLEMEYCGV CHTDLh~/KNG DFG ....... DET..GRITG HEGIGIVKQV GEGVTSLKAG DRASVAWFFK 

SsolfataricusADH ........... MRAVRLVEI GKPLSLQ..E IGVPKPKGPQ VLIKVEAAGV CHSDVHMROG RFGNLRIVED LGVKLPVTLG HEIAGKIEEV GDEWGYSKG DLVAVNPWQG 
EhlstolytlcaADHl ........... MKGLAMLGI GRIGWIE°.K .KIPECGpLD ALVRPL/~P CTSDTHTVWA G ..... AIGD RHDM°.°ILG HEAVGOIVNV GSLVRRLKVG DKVIVPAITP 

TbrockliADH ........... MNGFAMLSI GKVGWIE..K .EKPAPGPFD AIVRPLAV~P CTSDIHTVFE G ..... AIGE RHNM...ILG HEAVGEVVEV GSEV~DFKPG DRVVVPAITP 
ZmaysADH1 . .MATAGRVI KCKAAVAWEA G~LSIE..E VEVAPPQAME VRVKILFTSL CHTDVYFW ........ EAKG QTPVFPRIFG HEAGGIIESV GEGVTDVAPG DHVL.PVFTG 
ZmaysADH2 . ,MATAGKVI KCRAA%~WEA GKPLSIE..E VEVAPPQAME VRIKILYTAL CHTDVYFW ........ EAKG QTPVFPRILG HEAGGIVESV GEGVTDVAPG DHVL.PVFTG 

StuberosumADH1 .MSTTVGQVI RCKAAVAWEA GKPLVME..E VDVAPPQ~(ME VRLKILYTSL CHTDVYFW ........ EAKG QNPVFPRILG HEAAGIVESV GEGVTELGPG DHVL, PVFTG 
HsaplensADH~ . .MSTAG~"ql KCKAAVLWEV KKPFSIE..D VEVAPPKAYE VRIKMVAVGI CRTDDHVV ........ SGNL VTPL.PVILG HEAAGIVESV GEGVTTVKPG DRVI.PLFTP 

g~usculusADH~ . .MSTAGRVI KCKAAVLWEL HKPFTIE..D IEVAPPKAHE VRIKMVATGV CRSDDHVV ........ SGTL VTPL.PAVLG HEGAGIVESV GEGVTCVKPG DKVI.PLFSP 
HsaplensADH6 . .MSTTGQVI RCKAAILWKP GAPFSIE..E VEVAPPKAKE VRIKVVATGL CGTEMKVL ........ GSKH LDLLYPTILG HEGAGIVESI GEGVSTVKPG DKVI.TLFLP 
HsaplensADHE . .MGTKGKVI KCKAAIAWEA GKPLCIE..E VEVAPPKAHE VRIQIIATSL CHTDASVI ........ DSKF EGLAFPVIVG HEAAGIVESI GPGVTNVKPG DKVI.PLYAP 
Cmaltosafdhl MSESTVGKPI TCKAAVAWEA AKPLSIE..D VTVAPPRRHE VRIKLYDTGV CHTDAYTL ........ SGVD PEGAFPVILG HEGAGIVESI GEGVTNVKVG DHVI.ALYTP 

Scerevisiaesla MSAATVGKPI KCIAAVAYDA KKPLSVE. °E ITVDAPKAHE VRIKIEYTAV CHTDAYTL ....... ;SGSD PEGLFPCVLG HEGAGIVESV GDDVITVKPG DHVI°ALYTA 
HsaplensADH~ .... g~%NEVI KCKAAVAWEA GKPLSIE..E IEVAPPKAHE VRIKIIATAV CHTDAYTL ........ SGAD PEGCFPVILG HEGAGIVESV GEGVTKLKAG DTVI.PLYIP 

~usculusAD~ .... MANQVI RCKAAVAWEA GKPLSIE..E IEVAPpKAHE VRIKILATAV CHTDAYTL ........ SGRD PEGCFPVILG HEGAGIVESV GEGVTKLKAG DTVI.PLYIP 
Celeqanscml4h3 .MSSTAGQVI NCKAAVAWSA KAPLSIE°°T IQVAPpKAHE VRVKILYTAV CHTDAYTL ........ DGHD PEGLFPWLG HEGSGIVESV GEGVTGFAPG Dh~.PLYVP 
GcallarlusADH1 ...ATVGKVI KCKAAVAWEA NKPLVIE..E IEVDVPHANE IRIKIIATGV CHTDLYHL ........ FEGK HKDGFPWLG HEGAGIVESV GPGVTEFQPG ERVI.PLFIS 

Ecolltdh ........... MKALSKLKA EEGIWMT..D VPVPELGHND LLIKIRKTAI CGTDVHIYNW D ..... EWSQ KTIPVPMVVG HEYVGEWGI GQEVKGFKIG DRVS.GEGHI 

111 220 
$cerevlslaeADHI SCMACEYCEL GNESNCPHAD LSG . . . . . . . . . . . . . . . . . . . . . . . . . .  Y THDGSFCQYA TA..DAVOAA HIPQGTDLAE V~VLCAGIT VYK..ALKSA NL..MAGHWV 

ScerevislaeADHII SCMACEYCEL GNESNCPHAD LSG .......................... Y THDGSFQEYA TA..DAVQAA HIPQGTDLAE VAPILCAGIT VYK..ALKSA NL..RAGHWA 
KlactlsADHI SCMSCEYCEL SNESNCPEAD LSG .......................... Y THDGSFQQYA TA..DAVQAA KIPVGTDLAE VAPVLCAGVT VYK..ALKSA NL..KAGDWV 

KlactlsADHII SCMSCEYCEL SNESNCPDAD LSG .......................... Y THDGSFQQYA TA..DAVOAA RIPKGTDLAE VAPILCAGVT VYK..ALKSA DL..KAGDWV 
SpombeADH SCG~CEYCMK AEETICPHIQ LSG .......................... Y TVDGTFQHYC IA..NATHAT IIPESVPLEV AAPIMCAGIT CYR..ALKES RV..GPGEWI 

CeleganscmOld5 ............ DALCHHIQ NYG .......................... F DRSGTFQEYL TI..RGVDAA KINKDTNLAA AAPILCAGVT VYK..ALKES NV..APGQII 
ZmobilisADH1 GCGHCEYCVS GNETLCRNVE NAG .......................... Y TVDGAMAEEC IV..VADySV KVPDGLDPAV ASSITCAGVT TYK..AVKVS QI..QPGQWL 

SsolfataricusADH E.GNCYYCRI GEEHLCDSPR WLG .......................... I NFDGAYAEYV IV..PHYKYM YKLRRLNAVE AAPLTCSGIT TYR..AVRKA SL,.DPTKTL 
EhlstolytlcaADH1 DWGEEESORG YPMHSGGML ............... GGWKF$ NFKD ......... GVFSEVF h~/NEAD~LA LLPRDIKPED AVMLSDMVTT GFHGAELANI KL .... GDTV 

TbrockiIADH DWRTSEVQRG YHQHSGGML ............... Ag~KFS NVKD ......... GVFGEFF HVNDADMNLA HLPKEIPLEA AVMIPDg~TT GFHGAELADI EL .... GATV 
ZmaysADH1 ECKKCAHCKS AESNMCDLLR INTDRG...V MIADGKSRF, SINGKPIYHF VGTSTFSEYT VM. °HVGCVA KINPQAPLDK VCVLSCGYST GL.GASINVA KP..PKGSTV 
ZmaysADH2 ECKECAHCKS EESNMCDLLR INVDRG...V MIGDGKSRF. TISGQPIFHF VGTSTFSEYT VI..HVGCLA KINPEAPLDK VCILSCGIST GL.GATLNVA RP..AKGSTV 

StuberosumADH1 ECKDCAHCKS EESNMCSLLR INTDRG...V MINDGQSRF. SINGKPIYHF VGTSTFSEYT W..HVGCVA KINPLAPLDK VCVLSCGIST GL.GATLNVA KP..TKGSSV 
HsapiensADH~ QCGKCRVCKN PESNYCLKND LGNP .... RG TLQDGTRRF. TCRGKPIHHF LGTSTFSQYT W..DENAVA KIDAASPLEK VCLIGCGFST GY.GSAVNVA KV..TPGSTC 

MmusculusADHU QCGECRICKH PESNFCSRSD LLMP .... RG TLREGTSRF. SCKGKQIHNF ISTSTFSQYT W..DDIAVA KIDGASPLDK VCLIGCGFST GY.GSAVKVA RV..TPGSTC 
HsapiensADHfi QCGECTSCLN SEGNFCIQFK QSKT .... Q. I~SDGTSRF. TCKGKSIYHF GNTSTFCEYT VI..KEISVA KIDAVAPLEK VCLISCGFST GF.GAAINTA RV..TPGSTC 
HsaplensADHE LCRKCgFCLS PLTNLCGKIS NLKSPASDQO LMEDKTSRF. TCKGKPVYHF FGTSTFSQYT W..SDINLA KIDDDANLER VCLLGCGFST GY.GAAINNA KV..TPGSTC 
Cmaltosafdhl ECGECKFCKS GKTNLCGKIR ATOG .... KG VMPDGTSRF. TCKGKEILHF MGCSTFSQYT W.°ADISW AINPKAEFDK ACLLGCGITT GY.GAATITA NV..QKGDNV 

Scerevislaesfa ECGKCKFCTS GKTNLCGAVR ATQG .... KG VMPDGTTRFH NAKGEDIYHF MGCSTFSEYT W..ADVSW AIDPKAPLDA ACLLGCGVTT GF.GAALKTA NV° .QKGDTV 
HsaplensAD~ QCGECKFCLN PKTNLCQKIR VTQG .... KG LMPDGTSRF. TCKGKTILHY MGTSTFSEYT W,.ADISVA KIDPLAPLDK VCLLGCGIST GY.GAAVNTA KL..EPGSVC 

g~usculusADH~ QCGECRFCLN PKTNLCQKIR VTQG .... KG LMPDGTSRF. TCKGKSVFHF MGTSTFSEYT W..ADISVA KIDPSAPLDK VCLLGCGIST GY.GAAVNTA KV..EPGSTC 
Celeganscm14h3 QCKECEYCKN PKTNLCQKIR ISQG .... NG FMPDGSSRF. TCNGKQLFHF MGCSTFSEYT W..ADISLC KVNPEAPLEK VSLLGCGIST GY.GAVLNTC RV..EEGSTV 
GcallariusAgHl QCGECRFCQS PKTNQCVKGW ANES .... PD VMSPKETRF. TCKGRKVLOF LGTSTFSQYT W..NQIAVA KIDPSAPLDT VCLLGCGVST GF.GAAVNTA KV..EPGSTC 

Ecolltdh TCGHCRNCRG GRTHLC ............ RN TIGVGVNR .............. PGCFAEYL VI..PAFNAF KIPDNISDDL AAIFD ..... PF.GNAVHTA LSFDLVGEDV 

Fig. 2. PILEUP alignment of 21 members of the Zn-containing ADH family, the two predicted amino acid sequences from C. elegans, and E. 
coli threonine dehydrogenase. References for most sequences are given in Sun and Plapp (1992). Exceptions include C maltosa FDH (Sasnauskas 
et al. 1992), K. lactis ADHII (Shain et al. 1992), S. cerevisiae SFA (Wehner et al. 1993), S. solfataricus ADH (Ammendola et al. 1992), and H. 
sapiens ADH6 (Yasunami et al. 1990). 

containing ADH family. Several distinct clusters of  re- 
lated enzymes are apparent in the tree. A cluster at the 
top of the Fig. 3 contains fungal ADHs, two prokaryotic 
ADHs, and C. elegans ADH encoded by cm01d5. The 
cluster at the bottom of Fig. 3 contains plant and animal 
ADHs and the C. elegans ADH encoded by cml4h3.  The 
presence of two yeast ADHs within this cluster will be 
addressed in the Discussion. A third cluster contains 
ADH from Entamoeba histolytica and Thermoanaero- 
bium brockii. This tree reveals a distinct separation be- 
tween tetrameric (the " fungal"  cluster) and dimeric (the 
"plant/animal" cluster) forms of  ADH. 

Figure 4 contains a phylogenetic tree constructed with 
the two C. elegans sequences and six sequences repre- 
senting major types of  ADH. To determine the signifi- 
cance of  the placement of  the C. elegans ADHs, we 
subjected the tree to bootstrap analysis. Two important 
points are illustrated. First, the cm01d5-encoded ADH 
and Schizosaccharomyces pombe ADH are more closely 
related to each other than either is to Z. mobilis ADH1 (P 
~< 0.01). Second, the clustering of  the cm14h3-encoded 
ADH within the animal ADHs is strongly supported (P 
~< 0.01). 

Discussion 

We have characterized two cDNAs from C. elegans that 
encode ADH enzymes, cml4h3 encodes an enzyme most 
like dimeric class III ADHs and cm0td5 encodes an 
enzyme most like tetrameric ADHs found in fungi. These 
clones were obtained from a "sor ted"  cDNA library 
which reduces the chances of  recovering multiple mem- 
bers of  a gene family (Waterston et al. 1992). Therefore, 
it is possible that additional ADH genes exist in C. ele- 
gans. 

Sun and Plapp (1992) aligned 47 members of the 
Zn-containing ADH family, identified highly conserved 
residues, and reviewed current thought on the function of  
these residues in the intact protein. The sequence align- 
ment presented here demonstrates that both C. elegans 
sequences are typical members of  the long-chain Zn- 
containing family of enzymes. Conservation of  sequence 
is seen at several important residues (Table 1). 

Several gaps present in the alignment allow discrim- 
ination between tetrameric and dimeric forms of  ADH. 
The tetrameric ADHs are, on average, approximately 30 
amino acids shorter than the dimeric ADHs. The most 
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ScerevlsiaeADHI 
ScerevlaiaeADHII 

KlactlsADHI 
KlactlsADHII 

SpombeADH 
Celeganscm01d5 

ZmobillsADH1 
SsolfataricusADH 
EhlstolytlcaADHl 

TbrockiIADH 
ZmaysADHl 
ZmaysADH2 

StuberosumADH1 
HsaplensADH~ 

YmUSculusADHu 
HsaplensADH6 
HsapiensADHE 
Cmaltosafdhl 

Scerevisiaesfa 
HsaplensADH~ 

MmusaulusADH~ 
Celeganscm14h3 
GcallarlusADHl 

Ecolltdh 

221 
AISGAAGGLG SLAVQYAKAM .GYRVLGIDG GEGKEELFRS IGGEVFID ..... FTKEKDI VGAVLKAT.N GGAHGVINVS VSEAAIEAST 
AISGAAGGLG SLAVQYAKAM .GYRVLGIDG GPGKEELFTS LGGEVFID ..... FTKEKDI VSAV%q(AT.N GGAHGIINVS VSEAAIEAST 
AISGAAGGLG SLAVQYAKAM .GYRVLGIDA GEEKAKLFKD LGGEYFID ..... FTKSKNI PEEVIEAT.K GGAHGV~NVS VSEFAIEQST 
AISGACGGLG SLAIQYAKAM .GYRVLGIDT GAEKAKLFKE LGGEYFVD ..... YAVSKDL IKEIVDAT.N GGAHGVINVS VSEFAIEQST 
CIPGAGGGLG HLAVQYAKAM .AMRWAIDT GDDKAELVKS FGAEVFLD ..... FKKEADM IEAVKACT.N GGAHGTLVLS TSPKSYEQAA 
VLTGAGGGLG SLAIOYACAM .GMRVVAMDH GR.KEAHCKG LGAEWFVD ..... AFETPDI VSHITKLT.E GGPHGVINFG VARKPMEQAV 
AIYGL.GGLG NLALQYAKNV FNAKVIAIDV NDEQLAFAKE LGADMVIN ....... PKNED AAKIIQEK,V GGAHATVVTA VAKSAFNSAV 
LWGAGGGLG TMAVQIAKAV SGATIIGVDV R E F A V ~ R  AGADYVIN ..... ASMQDPL AEIRRITE.S KGVDAVIDLN NSEKTLSVYP 
CVIGI.GPVG LMSVAGANHL GAGRIFAVGS RKHCCDIALE YGATDIINYK N ...... GDI VEQILKATDG KGVDKVVIAG GDVHTFAQAV 
AVLGI.GPVG IMAVAGAKLR GAGRIIAVGS RPVCVDAAKY YGATDIVNYK D ...... GPI ESQIMNLTEG KGVDAAIIAG GNADIMATAV 
AVFGL.GAVG LAAAEGARIA GASRIIGVDL NPSRFEEARK FGCTEFVNPK DH .... NKPV QEVLAEMT.N GGVDRSVECT ~INAMIOAF 
AIFGL.GAVG LAAMEGARLA GASRIIGVDI NPAKYEQAKK FGCTEFVNPK DH .... DKPV QEVLIELT.N GGVDRSVECT GNVNAMISAF 
AIFGL.GAVG I . ~ L ~ R L B .  GASRIIGVDL NASRFEQAKK FGVTEFVNPK DY .... SKPV QEVIAEMToD GGVDRSVECT GHIDAMISAF 
AVFGL.GGVG LSAVMGCKAA GAARIIAVDI NKDKFAKAKE LGATECINPQ DY .... KKPI QEVLKEMT.D GGVDFSFEVI GRLDTF~MASL 
AVFGL.GGVG LSVIIGCKAA GAARIIAVDI NKDKFAKAKE LGATECINPQ DY .... SKPI QEVLQEMT.D GGVDFSFEVI GRLDTMTSAL 
AVFGL.C4rVG LSXP~MGCKAA GAARIIGVDV NKEKFKKAQE LGATECLNPQ DL .... KKPI QEVLFDMT.D AGIDFCFEAI GNLDVLAAAL 
AVFGL.GGVG LSAVMGCKAA GASRIIGIDI NSEKFVKAKA LGATDCLNPR DL .... HKPI QEVIIELT.K GGgDFALDCA GGSETMKAAL 
AVFGG.GIVG LSVIOGCAER GAAQIILVDI SDKKEEWGQK LGATAFVNP. T.KLPEGTTI VDKLIEMT.D GGCDFTFDCT GNVGVMRNAL 
AVFGC.GTVG LSVIQGAKLR GASKIIAIDI NNKKKQYCSQ FGATDFVNPK E.DLAKDQTI VEKLIEMT.D GGLDFTFDCT GNTKIMRDAL 
AVFGL.GGVG LAVIMGCKVA GASRIIGVDI NKDKFARAKE FGATECINPQ DF .... SKPI QEVLIEMT.D GGVDYSFECI GNVKVMRAAL 
AVFGL.GGVG LAVIMGCKVA GASRIIGIDI NKDKFAKAKE FGASECISPQ DF .... SKSI QEVLVEMT.D GGVDYSFECI GNVKVMRSAL 
AVWGL.GAVG LAVIMGAKAA GAKKIVGIDL IESKFESAKF FGATECINPK SVELPEGKSF QAWLVEQF.D GGFDYTFECI GNVHTMROAL 
AVFGL.GAVG LAAVMGCHSA GAKRIIAVDL NPDKFEKAKV FGATDFVNPN D .... HSEPI SQVLSKMToN GGVDFSLECV 
LVSGA. GPIG IMAAAVAKHV GARNVVITDV NEYRLELARK MGITRAVNVA ...... KENL NDVMAELGMT EGFDVGLEMS 

330 
RYVRAN. GTT VLVGMPAGAK 
RYCRAN. GTV VLVGLPAGAK 
NI'VRSN . GTV VLVGLP RDAK 
NYVRSN. GTV VLVGLP RDAK 
GFARPG. STM VTVSMPAGAK 
EYVRKR . GTV VFVGLPKDSK 
EAIRAG. GRV VAVGLPPE. K 
KALAKQ. GKY VMVGL. FGAD 
KMIKPGSDIG N .VNYLGEGD 
KIVKPGGTIA N. VNYFGEGE 
ECVFDGWGVA VLVGVP HKDA 
ECVHDGWGVA VLVGVP HKDD 
ECVHDGWGVA 9"LVGVP HKEA 
LCCHEACGTS VIVGV~PASQ 
LSCHAACGVS VVVGVP PNAQ 
ASCNESYGVC VVVGVLPASV 
DCTTAGWG$C TFIGVAAGSK 
EACHKGWGTS VI IGVAAAGK 
EACHKGWGQS II IGVAAAGE 
EACHKGWGVS VVVGVAASGE 
EAAHKGWGVS VVVGVAASGE 
EAAHKGWGVS CI IGVAGAGQ 

GNVGVMRNAL ESCLKGWGVs VLVGWTDL.H 
GAPPAFRTML DTMNHG.GRI AMLGIPPSDM 

331 422 
ScerevisiaeADHI CCSDVFNQVV KSISIVGSYV GNRADTREAL DFFARGLIKS PI.KV ........ VGLSTLP EIYEKMEKGQ WG.RYVVDT SK .......... 

ScerevlslaeADHII CSSDVFNHVV KSISIVGSYV G~RADTREAL DFFARGLVKS PI.KV ........ VGLSSL~ EIYEKMEKGQ IAG.RYVVDT SK .......... 
KlactlsADHI CKSDVFNQVV KSISIVGSYV GNRADTREAI DFFSRGLVKA PI.HV ........ VGLSELP SIYEKMEKGA IVG.RYVVDT SK .......... 

KlactlsADHII CKSDVFTQVV KSVSIVGSYV GNRADTREAL DFFARGLVHA PI.KI ........ VGLSELA DVYD~B4VKGE IVG.RYVVDT SK .......... 
SpombeADH LGADIFWLTV KMLKICGSHV GNRIDSIEAL EYVSRGLVKP YY.KV ........ QPFSTLP DVYRLMHENK IAG.RIVLDL SK .......... 

Celegans~01d5 VTFDTTPFIF NAITIKGSIV GSRLDVDEAI EFVTRGIVKV PL.EL ........ VKLEDVP AVYQRMLDGK INS.RAGVDF SL .......... 
ZmobilisADH1 MDLSIPRLVL DGIEVLGSLV GTREDLKEAF QFAAEGKVKP KV.TK ........ RKVEEIN QIFDEMEHGK FTG.RMVVDF THH ......... 

SsolfatarlcusADH LHYHAPLITL SEIQFVGSLV GNQSDFLGIM RLAEAGKVKP MITKT ........ MKLEEAN EAIDNLENFK AIG.RQVLIP ............ 
EhistolyticaADHl NIDIPRSEWG VGMGHK.HIH GGLTPGGRVR MEKLASLIST GKLDTSKLIT HRFEGLEKVE DALMI/4K~KP ADLIKPWRI HYDDEDTLH... 

TbrockliADH VLPVPRLEWG CGMAHK.TIK GGLCPGGRLR MERLIDLVFY KRVDPSKLVT HVFRGFDNIE KAFMLMKDKP KDLIKPWIL A ........... 
ZmaysADH1 EFKTHPMNFL NERTLKGTFF GNYKPRTDLP NV..VELYMK KELEVEKFIT HSV.PFAEIN KAFDLMAK.. GEGIRCIIRM EN .......... 
ZmaysADH2 QFKTHPMNFL SEKTLKGTFF GNYKPRTDLP NV..VEMYMK KELELEKFIT HSV.PFSEIN TAFDLMLK.. GESLRCIMRM El) .......... 

StuberosumADHl VFKTHPF~LL NERTLKGTFF GNYKPRSDIP SV..VEKYMN KELELEKFIT HTL.PFAEIN KAFDI/~LK.. GEGLRCIITM ED .......... 
HsapiensADH~ NLSINPMLLL TGRTWKGAVY GGFKSKEGIP KL° .VADFMA KKFSLDALIT HVL.PFEKIN EGFDLLHS.. GKSIRTVLTF ............ 

MmusculusADH~ NLSMNPMLLL LGRTWKGAIF GGFKSKDSVP KL..VADFMA KKFPLDPLIT HVL.PPEKIN EAFDLLRS.. GKSIRTVLTF ............ 
HsaplensADH6 QLKISGQLFF $GRSLKGSVF GGWKSRQHIP KL..VADYMA EKI~LDPLIT HTL.NIDKIN EAVEI/~KT.. GKW ................... 
HsaplensADlB~ GLTIFPEELI IGRTINGTFF GGWKSVDSIP KL..VTDYKN KKFNLDALVT HTL.PFDKIS EAFDLMNQ°. GKSVRTILIF GRCQEQFRIL SD 
Cmaltosafdhl EISTRPFQLV TGRTWKGAAF GGVKGRSQLP GI..VNNYLD GKLKVEEFIT HRE.PLAAIN KAFEEMHA,. GDCIRAVVDL S ........... 

Scerevlslaes£a EISTRPFQLV TGRVWKGSAF GGIKGRSEMG GL..IKDYQK GALKVEEFIT HRR.PFKEIN OAFEDLHN.. GDCLRTVLKS DEIK ........ 
HsaplensADH Z EIATRPFQLV TGRTWKGTAF GGWKSVESVP KL..VSEYMS KKIKVDEFVT HNL.SFDEIN KAFELMHS.. GKSIRTVVKI ............ 

M~BUSCBIusAD~ EISTRPFQLV TGRTWKGTAF GGWKSVESVP KL..VSEYMS KKIKVDEFVT GNL, SFDQIN QAFDLMHS.. GDSIRTVLKM ............ 
Celeganscml4h3 EIATRPFQLV TGRTWKGTAF GGWKSVESVP RL..VDDYMN KKLLIDEFIT HRW.NIDDIN TAFDVLHK.. GESLRSVLAF EKI ......... 
GcallariusADH1 DVATRPIQLI AGRTWKGSF~ GGFKGKDGVP KM,.VKAYLD KKVKLDEFIT HRM.PLESVN DAIDLMKH.. GKCIRTVLSL E ........... 

Ecolitdh SID ...... W TKVIFKGLFI KGIYGREMFE TWY~ALIQ SGLDLSPIIT HRF.SIDDFQ KGFDAMRS.. GQSGKVILSW D ........... 

Fig. 2. Continued. 

obvious feature common to all tetrameric ADHs, with 
the exception of the NADP+-dependent ADHs from E. 
histolytica and T. brockii, is a gap present from amino 
acids 144-169 of the dimeric amino acid sequence. 
cm01d5 contains this gap (see Fig. 2), supporting its 
placement in the tetrameric ADHs. 

cml4h3 most closely resembles dimeric ADHs exem- 
plified by human class III ADH which has been shown to 
be a glutathione-dependent formaldehyde dehydroge- 
nase. Two fungal ADHs included in our analysis, Can- 
dida maltosa FDH1 and S. cerevisiae SFA, are formal- 
dehyde dehydrogenases. Notably, these two ADHs 
resemble the dimeric animal and plant ADHs and not 
tetrameric fungal ADHs, with respect to gaps (Fig. 2). 
Consistent with this, these ADHs fall within the plant 
and animal cluster in the phylogenetic tree (Fig. 3). 

The phylogenetic tree (Fig. 3) constructed from the 
aligned sequences clarifies the relationships between dif- 
ferent ADHs. The tree was rooted using the E. coli thre- 
onine dehydrogenase which is considered to be a dis- 
tantly related member of the Zn-containing ADH family 
(Aronson et al. 1989). Three distinct clusters are evident: 
(1) A cluster containing the tetrameric ADHs of fungi, Z. 
mobilis and Sulfolobus solfataricus. All enzymes contain 

the residues required to bind two Zn ions per subunit and 
the coenzyme NAD ÷ (residues indicated in Table 1). The 
presence of the C. elegans clone cm01d5 within this 
cluster suggests that it too is a tetrameric enzyme. (2) E. 
histolytica and T. brockii ADHs are distinct from the 
other sequences. These two enzymes bind NADP ÷ rather 
than NAD + (presumably due to the glycine residue at 
position 249) and lack the four cysteine residues required 
for binding the noncatalytic Zn. These sequences share 
several unique gaps such as those present at positions 
75-77, 129-144, and 155-163 of the dimeric ADH se- 
quences. (3) This cluster contains C. elegans clone 
cml4h3 and the remaining plant, animal, and microbial 
members of the Zn-containing ADH family, including 
the glutathione-dependent formaldehyde dehydrogena- 
ses. They contain amino acid residues necessary to bind 
two Zn/subunit and NAD ÷, and are all believed to be 
active as dimers. 

The third cluster can be further broken down into a 
group containing plant ADHs, a group of mammalian 
class I and II ADHs, and a cluster of glutathione- 
dependent formaldehyde dehydrogenases (class III 
ADHs). A striking feature of this clustering relationship 
is that the human class III ADH is more similar to C. 



Table 1. Amino acid residues highly conserved in the Zn-containing, 

long-chain ADHs are shown a 

Position Residue cm0ld5 cml4h3 Suggested role b 

50 C 

53 T 

54 D 
80 G 

81 H 

85 G 

91 G 

94 V 

100 G 

101 D 
112 C 

115 C 

118 C 

126 C 

130 R 

196 C 

217 G 

224 G 

227 G 

230 G 

249 D 

262 G 

? + Ligand to catalytic 
Zn 

? + H-bonds with 
hydroxyl group of 
alcohol 

? + ? 

? + Part of catalytic 
domain 

+ Ligand to catalytic 
Zn 

+ Part of catalytic 
domain 

+ Part of catalytic 
domain 

+ Part of catalytic 
domain 

+ Part of catalytic 
domain 

+ ? 

+ Ligand for 
noncatalytic Zn 

? + Ligand for 
noncatalytic Zn 

? + Ligand for 
noncatalytic Zn 

+ + Ligand for 
noncatalytic Zn 

- + Involved in 
glutathione 
binding s 

+ + Ligand to catalytic 
Zn 

+ + Part of coenzyme 
binding domain 

+ + Part of coenzyme 
binding domain 

+ + Part of coenzyme 
binding domain 

+ + Part of coenzyme 
binding domain 

+ + Part of coenzyme 
binding domain 

+ + Part of coenzyme 
binding domain 

Column 1 contains the position of each residue in the alignment in 
Fig. 2. Column 2 contains the conserved amino acid residue. The 
presence (+) of each residue in the deduced C. elegans proteins is 
shown in columns 3 and 4. Note: cm01d5 cDNA is truncated at the 5' 
end; hence the uncertainty for positions preceding 126 in this protein. 
The amino acid residues are given as single-letter abbreviations 
b Reviewed in Sun and Plapp (1992) 
° Engeland et al. (1993) 

elegans cm14h3 and yeast formaldehyde dehydrogena- 
ses than to other classes of human ADH. All class III 
proteins contain an arginine residue at position 130. This 
arginine is thought to be part of the binding site for 
activating fatty acids and of s-hydroxymethylglutathione 
in glutathione-dependent formaldehyde dehydrogenase 
activity (Engeland et al. 1993). The sequence conserva- 

~ ScerevisiaeADHI 7 
ScerevisiaeADHII I ~ 1  
KlacdsADHI l 

KlactisADHII 1 
SpombeAVH --I 
CelegansCM01d5 
ZmobilisADH1 

SsolfataricusADH 
I" EhistolyticaADH 1 
L_ TbrockiiADH . 

ZmaysADH1 
L_. StuberosumADH 1 Plant 1 

I.--.-  ZmaysADH2 ~ ADHs an I 
asapiansADH[~ 

I-I ' - "  MmusculusADHa Mammali 
r ~  L__._ HsapiensADH6 ADHS 

I " " H s a p i a n s A D H ~  ~ l  

rt ,-r "CM  saFDm / 
I [ l ~  I" ScerevisiaeSFA I C = H s  m 

J 4 L---CelegansCM14h31 
I t--! / 

"- MmusculusADHz / 
Gcallm'iusADH1 
EcoliTDH 

51 

Tetrameric 
ADtts 

Dimeric 

ADHs 

Phylogenetic tree constructed from residues 123422  of the Fig. 3. 
aligned sequences in Fig. 2 using protein parsimony (Swofford 1993). 
The tree was rooted using E. coli threonine dehydrogenase. 

tion among the phylogenetically diverse glutathione- 
dependent ADHs and the discovery of a related enzyme 
in E. coli (Gutheil et al. 1992) indicate that the presence 
of this class of ADH predates the divergence of prokary- 
otes and eukaryotes and lends support to the hypothesis 
that the class I enzymes arose from the duplication of a 
functional class III gene (Danielsson and Jornvall 1992). 

The tree shown in Fig. 4 illustrates the strength of 
statistical support for the clustering relationships. A high 
bootstrap value separates the cluster containing tet- 
rameric fungal ADHs and C. elegans cm01d5-encoded 
ADH from the dimeric plant and animal ADH cluster. 
This underscores the similarity between this nematode 
ADH and the yeast ADHs. The placement of the C. 
elegans cml4h3-encoded ADH within the cluster of 
dimeric animal class III ADHs and separate from the 
plant ADHs is also supported by a high bootstrap value. 

The discovery of a C. elegans ADH with a high de- 
gree of similarity to tetrameric ADHs from fungi is 
somewhat surprising since no precedent exists for fun- 
gal-like ADH sequences among metazoans. The identi- 
fication of an ADH of this type in the invertebrate meta- 
zoan C. elegans might predict the discovery of similar 
(fungal-like) ADHs in other animals or plants. Indeed, 
the lack of information regarding ADHs in invertebrates 
leaves this possibility open. On the other hand, it seems 
unlikely that this form exists in humans. Intensive study 
of ADH in this species would likely have led to its dis- 
covery by now. How can we explain the apparent pres- 
ence of fungal-like tetrameric ADH in some animals but 
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ScerevisiaeADHI 

SpombeADH 

CelegmlsCM01d5 

ZmobilisADH1 

lo0 

ZmaysADH1 

99 F HsapiemADHx 

I CelegansCM14h3 

EcoliTDH 

Fig. 4. Phylogenetic tree constructed from eight representative ADH 
sequences and subjected to bootstrap analysis. The sequences chosen 
for inclusion in the bootstrap analysis represent all major clades iden- 
tified in Fig. 3 and are sufficient to define the position of the C. elegans 
ADHs. Numbers indicate the proportion of 100 bootstrap samples in 
which a particular clade was found. The tree was rooted with E. coli 
threonine dehydrogenase. 

no t  o thers?  This  f o r m  of  A D H  m a y  h a v e  b e e n  lost  once  

or mul t ip le  t imes  in l ineages  g iv ing  r ise  to m o d e m  p lan t s  

and  animals .  Al te rna t ive ly ,  the  s imi lar i ty  m a y  be  a resu l t  

of  c o n v e r g e n t  evolut ion .  

Crude  pro te in  ext rac ts  f rom C. elegans h a v e  b e e n  

s h o w n  to con ta in  A D H  act ivi ty  ( W i l l i a m s o n  et al. 1991).  

T h e  C. elegans ext rac t  is ac t ive  on  e thano l  and  d isp lays  

a p re fe rence  for  longer ,  p r i m a r y  a lcohols .  T he  s t ruc ture  

o f  two pu ta t ive  C. elegans A D H s  we h a v e  cha rac te r i zed  

predic ts  tha t  the  c m 0 1 d 5 - e n c o d e d  A D H  m a y  rep resen t  

the  e thano l - ac t ive  f o r m  of  A D H  de tec ted  in these  ex- 

tracts.  Th i s  is b a s e d  on  its s imi lar i ty  to e thano l -u t i l i z ing  

yeas t  ADHs .  The  p r i m a r y  s t ructure  of  the  A D H  e n c o d e d  

by  c m l 4 h 3  predic ts  a g l u t a t h i o n e - d e p e n d e n t  fo rma lde -  

hyde  d e h y d r o g e n a s e  act ivi ty  for  this  enzyme .  Th i s  f o r m  

of  A D H  w o u l d  not  be  expec t ed  to be  ac t ive  on  e thanol .  

Our  ana lys i s  o f  A D H  f r o m  C. elegans has  u n c o v e r e d  

a p red ic t ed  p ro te in  m o s t  s imi la r  to t e t r amer i c  funga l  

A D H s .  Th i s  r ep resen t s  the  first  exam p l e  of  a t e t ramer ic  

A D H  in  a m e t a z o a n .  C h a r a c t e r i z a t i o n  o f  a d d i t i o n a l  

A D H s  f r o m  C. elegans and  o the r  inve r t eb ra tes  wil l  fill  

one  o f  the  m o s t  c o n s p i c u o u s  gaps  in our  k n o w l e d g e  

abou t  A D H  f rom di f fe rent  taxa. This  i n f o r m a t ion  wil l  

con t r ibu te  to our  u n d e r s t a n d i n g  o f  the  evo lu t ion  o f  the  

A D H  e n z y m e  family .  
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