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T h e  S h o r t - c h a i n  A l c o h o l  D e h y d r o g e n a s e  
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M u l t i p l e  a l i g n m e n t  o f  m e m b e r s  o f  the  s h o r t - c h a i n  a l coho l  d e h y d r o g e n a s e  (S CA D )  s u p e r f a m i l y ,  
a c c o r d i n g  to the  c o n s e r v e d  d o m a i n s  A-F ,  has  r e v e a l e d  a n u m b e r  o f  i m p o r t a n t  r e l a t i o n s h i p s .  I t  c an  
be s h o w n  t h a t  t he  1 7 f l - h y d r o x y s t e r o i d  d e h y d r o g e n a s e  t y p e  2 e n z y m e  is m o r e  c lose ly  r e l a t e d  to 
D - f l - h y d r o x y b u t y r a t e  d e h y d r o g e n a s e  t h a n  it  is to 1 7 f l - h y d r o x y s t e r o i d  d e h y d r o g e n a s e  t y p e  1. C a r -  
b o n y l  r e d u c t a s e ,  p r e v i o u s l y  c o n s i d e r e d  to  be  a m e m b e r  o f  the  a l d o - k e t o  r e d u c t a s e  s u p e r f a m i l y ,  
d i s p l a y e d  h igh  h o m o l o g y  in the  c o n s e r v e d  d o m a i n s  a n d  is c l e a r l y  p a r t  o f  the  S C A D  s u p e r f a m i l y  
de sp i t e  the  i n s e r t i o n  o f  a l a rge  p e p t i d e  b e t w e e n  c o n s e r v e d  d o m a i n s .  A l i g n m e n t  o f  the  p r o d u c t  o f  the  
L e i s h m a n i a  m e t h o t r e x a t e  r e s i s t a n c e  gene  H M T X  s h o w e d  t h a t  an  i n t e r n a l ,  h igh ly  c o n s e r v e d  d o m a i n  
can  be  s u b s t i t u t e d  by  an  u n r e l a t e d  s e q u e n c e  w i t h o u t  loss o f  b io log ica l  ac t iv i ty .  F u r t h e r m o r e ,  
c o m p a r i s o n s  o f  t he  c h i m e r i c  t r i f u n c t i o n a l  e n z y m e  e n o y l - C o A  h y d r a t a s e / 3 - h y d r o x y a c y l - C o A  d e h y -  
d r o g e n a s e / 3 - h y d r o x y a c y l - C o A  e p i m e r a s e  wi th  o t h e r  f a m i l y  m e m b e r s  sugges t s  t h a t  t he  r e g i o n  
b e t w e e n  the  c o n s e r v e d  B a n d  C d o m a i n s  is the  las t  to d i v e r g e  b e t w e e n  c lose ly  r e l a t e d  e n z y m e s  a n d  
t h a t  t he  F d o m a i n  a p p e a r s  to  evo lve  w i th  a d i f f e r e n t  e v o l u t i o n a r y  c lock  to the  r e s t  o f  the  p r o t e i n .  
F ina l ly ,  a h igh ly  c o n s e r v e d  p a t t e r n  o f  s e r i n e  a n d  t h r e o n i n e  r e s i d u e s  in the  ac t ive  si te  o f  S C A D  
e n z y m e s  i n d i c a t e s  t h a t  t hese  r e s i d u e s  m a y  p l ay  an  i m p o r t a n t  ro le  in ca ta lys i s .  T h e s e  o b s e r v a t i o n s  
s h o u l d  f a c i l i t a t e  a l i g n m e n t  o f  f u t u r e  m e m b e r s  o f  the  S C A D  s u p e r f a m i l y .  
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INTRODUCTION 

The  short-chain alcohol dehydrogenase (SCAD) 
superfamily of proteins is a phylogenetically related 
group of enzymes which act on substrates as diverse as 
sugars, steroids, prostaglandins, aromatic hydrocar± 
bons, antibiotics and compounds involved in nitrogen 
metabolism. A common theme appears to be the con- 
version of signalling molecules to either the active or 
inactive state. In bacteria it is the interconversion of 
sugars, in plants it is flavonoids and in mammalian cells 
the action of steroids and prostaglandins is modulated 
by SCAD family members [1, 2]. 

Steroid-inactivating enzymes also control target cell 
sensitivity of glucocorticoids, mineralocorticoids, an- 
drogens, and estrogens [3] and they have been impli- 
cated in clinical conditions ranging from hypertension 
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[4] to Down's  syndrome and Alzheimer's disease [5]. 
Recently the modulation of glucocorticoid activity has 
received considerable attention. The  inactivation of 
glucocorticoids by 1 lf l-hydroxysteroid dehydrogenase 
(1 l f lHSD)  is essential for allowing access of aldoster- 
one [6, 7] to the non-selective mineralocorticoid recep- 
tor [8] in sodium transporting epithelia. Impaired 
l l f l H S D  activity, acquired congenitally or by the 
consumption of excessive amounts of licorice, leads to 
glucocorticoid occupation of the mineralocorticoid 
receptor with concomitant sodium retention and the 
development of severe hypertension [9]. There  is now 
considerable evidence that there are a number  of 
enzymes with l l f l H S D  activity. The  l l f l H S D  iso- 
forms can be differentiated on the basis of cofactor 
dependence, tissue localization and affinity for sub- 
strate [10, 11]. Clinical studies have also implicated 
additional 1 l f lHSD genes and suggest isoform specific 
diseases, though only one gene has been isolated so 
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far [12]. It  is opportune that a recent report has 
described a second 17/ /HSD isoform [13] as this may 
prove a harbinger for studies on different l l / / H S D  
species. Thus ,  it may be fruitful to compare and 
contrast relationships between recently cloned enzymes 
and those previously analysed by multiple sequence 
alignment [ 14-16]. 

THE CONSERVED DOMAINS 

T h e  SCAD superfamily contains enzymes about 250 
residues in length which function independently of 
metal ions. Several strictly conserved residues were 
identified in an earlier study when making separate 
pairwise comparisons of 20 family members  [14]. How-  
ever, sequences having large unrelated regions, or even 
medium sized insertions or deletions cannot be aligned 
in this manner.  A more recent algorithm [17] locates 
blocks of similarity between protein sequences and has 
facilitated the identification of four to six conserved 
domains in the SCAD superfamily with each enzyme 
possessing sequences of similar length between 
domains [15]. 

Functionality has been ascribed to only two domains 
so far. T h e  A domain binds the NAD(P)  cofactor [18] 
while the D domain is thought  to be part of  the active 
site [19,20]. While further mutational analyses are 
needed to define the function of all conserved domains 
some insight may be gained from elaborating on 
the context within which these regions are placed in the 
three-dimensional  structure of another member  of the 
family 3~, 20 / /HSD [21]. In  the Streptomyces hydroge- 
nans enzyme domains B, C and E are largely made up 
of / / - shee ts  within the interior of the protein while the 
F domain appears to be a random coil. The  former 
domains may thus form part of  the lattice upon which 
the protein folds, but the role of the F domain remains 
more speculative. In 17//HSD1, a protein in which the 
F domain is not conserved, the corresponding part  of 
the sequence has been shown to bind substrate [22]. In 
3~, 20 / /HSD the conserved F domain appears to fold 
back onto the residues which bind the cofactor, and it 
is conceivable that some conserved residues in the F 
domain may play a role in stabilizing the A domain. 

17flHSD TYPE 2 IS MOST SIMILAR TO 
D-#-HYDROXYBUTYRATE D E H Y D R O G E N A S E  

(BDH) 

As new members  are added to the family multiple 
sequence alignment can be used to define their relation- 
ship to known family members .  When alignment is 
performed with reference to conserved domains a 
closer than expected relationship between 17/ /HSD 
type I I  (17/ /HSD2) and B D H  was observed (Fig. 1). 
B D H  is a mitochondrial  enzyme which catalyses the 
reversible oxidation of D-/ /-hydroxybutyrate to ace- 
toacetate, an intermediate of lipid metabolism. Though  

initial comparisons showed that 17flHSD1 is phylo- 
genetically related to 17/ /HSD2 and B D H  [13, 23] 
what is surprising is that 17/ /HSD2 is more closely 
related to B D H  than it is to 17//HSD1. When the 
sequences are multiply aligned 17/ /HSD2 can be seen 
to have 86 identities with B D H  but only 43 with 
17//HSD1 (Fig. 1). In  addition, l l / / H S D 2  and B D H  
contain scattered regions of high homology such as a 
peptide with 57% identity in a 28 residue stretch 
between the conserved B and C domains. I t  is interest- 
ing that the homology observed between all three 
enzymes in this region is a feature also present in 
enzymes closely related to the A C T I I I  protein (see 
below) and suggests that this region is the last to 
diverge during the evolution of closely related enzymes. 

Both 17HSD enzymes display 17fl- and 2 0 ~ H S D  
activities at a single active site despite having minimal 
similarity in that domain and exhibiting different intra- 
cellular localizations, one cytoplasmic and the other 
lumenal. These observations suggest that they 
diverged early in evolution. The  subsequent emergence 
of the B D H  enzyme is thus intriguing given that there 
is only a tenuous link between the three enzymes in that 
f l -hydroxy-f l -methylglutaryl  CoA, a precursor of 
acetoacetate, is also a precursor in the steroidogenic 
pathway. It  would not be surprising if B D H  is found 
to have some activity on estradiol and progesterone. 
Finally, 17flHSD2 and B D H  both possess substantial, 
albeit totally non-homologous amino terminal exten- 
sions, a feature seldom observed in this superfamily. In 
the only other example of this kind the hydrophobic  
amino terminal extension of 1 l f l H S D  was found to be 
indispensable for enzymatic activity [24-26]. 

C A R B O N Y L R E D U C T A S E I S R E L A T E D  TO SCADs,  
NOT ALDO-KETO REDUCTASES 

Tha t  the SCAD protein structure occasionally allows 
large insertions is illustrated by two interesting ad- 
ditions to the superfamily. Human  carbonyl reductase 
[27], together with its putative porcine homologue 
20/ /HSD [28], contains a large insertion immediately 
before the D domain [29]. Historically carbonyl re- 
ductase, together with aldehyde reductase and aldose 
reductase, has been considered to be part  of a separate 
superfamily of oxidoreductases known as the aldo-keto 
reductases [30]. Functionally these enzymes have been 
related through a broad and overlapping substrate 
specificity, but comparisons at the amino acid level 
suggest convergent evolution of carbonyl reductase 
with aldose reductase and aldehyde reductase. The  
latter enzymes exhibit extensive identity at the amino 
acid level, although the SCAD active site consensus 
sequence (YCQSK)  is present in aldose reductase but 
absent in aldehyde reductase. However ,  carbonyl re- 
ductase is not significantly homologous to either en- 
zyme, but is instead functionally and structurally 
related to pig 20f lHSD [28] with 85% identity at the 



11EHSDXA 
17EHSDI 
17EHSD2 
BDM 
CARBRED 
NACMAN 
3EHSD 
HMTX 
FABG 
3a, 20EHSD 

mkkyllpvlvlcl~,yystneefrpemlq .................................. 
ma ............................................................. 

mstffsd£awiclavptvlcgtvfckykkssgqlwswmvclaglcavcllilspfwglilfsv 
mmlaarlsrplsqlpgkalsvcdrengtrhtllfypasfspdtrrtytsqadaas ........ 
mssg ........................................................... 
mttagvsrrpgrla ................................................. 
tnrlq .......................................................... 
mtapt .......................................................... 
mnfe ........................................................... 
mndls .......................................................... 

IIEHSDIA 
17EHSDI 
17EHSD2 
BDH 
CARBRED 
NACMAN 
3EHSD 
HMTX 
FABG 
3a,20EHSD 

IIEHSDIA 
17~HSDI 
17~HSD2 
BDH 
CARBRED 
NACMAN 
3~HSD 
HMTX 
FABG 
3a,20EHSD 

.................. GKKVIVTGASKGIGREMAYHLSKMGAHVVLtarseeglqkwsrc 

.................. RTVVLITGCSSGIGLHLAVRLASDPSQSFKvyatlrdlktqgrlw 
scflmytylsgqelIpvdQKAVLVTGGDCGLGHALCKYLDELGFTVFAgvlnengpgaeelrr 
.................. GKAVLVTGCDSGFGFSLAKHLHSKGFLVFAgclIkeqgdagvrel 
.................. IHVALVTGGNKGIGLAIVRDLCRLFSGDWltardvtrgqaavqq 
.................. GKAAIVTGAAGGIGRATVEAYLREGASWAmdlaprlaatryeeD 
.................. GKVALVTGGASGVGLEVVKLLLGEGAKVAFsdineaagqqlaael 
.................. VPVALVTGAAKRLGRSIAEGLHAEGYAVCLhyhrsaaeanalsat 
.................. GKIALVTGASRGIGRAIAETLAARGGKVIGtatsengaqaisdyl 
.................. GKTVIITGGARGLGAEAARQAVAAGARVVLadvldeegaatarel 

......... A 

lelgaasahyiagtmedmafaerfweagkll .................. GGLDMLILNHITq 
eaaralacppgsletlqldvrdsksvaaarervte ............... GRVDVLVCNAGLg 
tcsprlsvlqmditkpvqikdayskvaamlqd .................. RGLWAVINNAGVI 
dslksdrlrtiqlnvcnseevekavetvrsglkdpe .............. KGMWGLVNNAGIs 
lqaeglsprfhqldiddlqsiralrdflrkey .................. GGLDVLVNNAGIa 
gaipiacdladraaidaamadavarl ........................ GGLDILVAGGALk 
gersmfvrhdvsseadwtlvmaavqrrl ...................... GTLNVLVNNAGII 
inarrpnsaitvqadlsnvatapvsgadgsapvtlftrcaelvaacythwGRCDVLVNNASSf 
gangkglmlnvtdpasiesvlekiraef ...................... GEVDILVNNAGIt 
gdaaryqhldvtieedwqrvvayareef ...................... GSVDGLVNNAGIs 

1 IEHSDIA 
17~HSDI 
17KHSD2 
BDH 
CARBRED 
NACMAN 
3EHSD 
HMTX 
FABG 
3a, 20EHSD 

ttmslfhddihsvrrsmevnflsywlstaalpmlkqsn ........ GSIAIISSMAGkmtqp 
IlgPlealg-EDAVASVLDVNVVGTVRMLQAFLPDMKRrgs ...... GRVLVTGSVGGImglD 
gfDtdgelIIMTDYKQCMAVNFFGTVEVTKTFLPLLRKsk ....... GRLVNVSSMGGgapme 
tfgevefts-METYKEVAEVNLWGTVRTTKSFLPLLRRak ....... GRVVNISSMLGrmanD 
fkvadptpfhiqaevtmktnffgtrdvctellplikpq ......... GRVVNVSSIMSvralk 
ggtgnfldlsdadwdryvdvnmtgtfltcragaramvaagagkdgrsARiiTiGSVNSfmaep 
Ipgdmetgrledfsrllkintesvfigcqqgiaamketg ........ GSIINMASVSSwlpie 
yPtpllrndedghepcvgdreametatadlfgsnaiapyflikafahrsrhpsqasrtnysii 
rdnllmrmkdeewndiietnlssvfrlskavmran~nkkrh ....... GRIITIGSVVGtmgng 
tgmfletesverfrkwdinltgvfigmktvipamkdagg ....... GSIVNISSAAGImgla 

II~HSDIA 
17EHSDI 
17EHSD2 
BDH 
CARBRED 
NACMAN 
3~HSD 
HMTX 
FABG 
3a.20~HSD 

lias ......................................... YSASKFALDGFFSTIRKE 
fndv ......................................... YCASKFALEGLCESLAVL 
rlas ......................................... YGSSKAAVTMFSSVMRLE 
arsp ......................................... YCITKFGVEAFSDCLRYE 
scspelqqkfrsetiteeelvglmnkfvedtkkgvhqkegwpssaYGVTKIGVTVLSRIHARK 
eaaa ......................................... YVAAKGGVAMLTRAMAVD 
qyag ......................................... YSASKAAVSALTRAAALS 
nmvdamtnq~Dllgyti ............................. YTMAKGALEGLTRSAALE 
gqan ......................................... YAAAKAGLIGFSKSLARE 
itss ......................................... YGASKWGVRGLSKLAAVE 

. . . . .  P . . . . .  

II~HSDIA 
17~HSDI 
17~HSD2 
BDH 
CARBRED 
NACMAN 
3~HSD 
HMTX 
FABG 
3a,20EHSD 

hlmtkvnvsitlcvlgfidtetalketsgiilsqaapkqecaleikgtvlrkdevyydksswt 
llpf .... GVHLSLIECGPVHTAFmekvlgspeevldrtdihtfhrfyqylahskqvfreaaq 
iskw .... GIKVASIQPGGFLTNIag-tsdkweklekdildhlpaevqedygqdyilaqrnfl 
mhpl .... GVKVSVVEPGNFIAATslysperiqaiakkmwdelpewrkdygkkyfdekiakm 
iseqrkgdKILLNACCPGWVRTDMagpkatkspeegaetpvylallppdaegphgqfvsekrv 
larh .... GILVNMIAPGPVDVTGnntgyseDrlaeqvldev---ALGRPGLPEEVATAAVFL 
crkqgy--AIRVNSIHPDGIYTPMmqaslpkgvskemvlhdpklnRAGRAYMPERIAQLVLFL 
lapl .... QIRVNGVGPGLSVLVDdmppavweghrskvp ...... LYQRDSSAAEVSDVVIFL 
vasr .... GITVNVVAPGFIETDMtralsddqragilaqv ..... PAGRLGGAQEIANAVAFL 
igtd .... RIRVNSVHPGMTYTPMtaetgirqgegnypntp .... MGRVGNEPGEIAGAVVKL 

. . . .  E . . . . .  

1 I~HSDIA 
17~HSDI 
17~HSD2 
BDH 
CARBRED 
NACMAN 
3EHSD 
HMTX 
FABG 
3a,20~HSD 

plllgnpgrrimeflslrsynrdlfvsn ................................... 
npeevaevfltalrapkptlryftterflpllrmrlddpsgsnyvtamhrevfgdvpakaeag 
11inslaskdfspvlrdiqhailakspfayytpgkgaylwiclahylpigiydyfakrhfgqd 
etycnsgstdtssvinavthaltaatpytryhpmdyywwlrmqvmthfpgaisdkiyih .... 
eqw ............................................................ 
AEDGSSFITGSTITIDGGIsamifggmregrr ............................... 
ASDESSVMSGGELHADNSilgmgl ....................................... 
CS SKAKY ITGTCVKVDGGys i t ra ....................................... 
AS DEAAy I TGETLHVNGG~mv ......................................... 
L S DTS S YVTGA ELAVDGGwt t gp t vkyvmgq ................................ 

. . . . .  F . . . . .  

Fig. 1. Multiple a l ignment  of ten SCAD protein sequences.  A l ignment  was performed using the MACAW 
program [17] fo l lowed by manua l  adjus tment  of 17flHSD2 and B D H  to align obviously s imilar sequences.  
Blocks of  homology  are indicated by residues in capital  letters. The positions of  conserved domains  (A-F) 
originally identif ied in Ref. [15] are shown for comparison.  A block of significant homology was  also observed 
in the region between the conserved B and C domains  in 17/gHSD2 and BDH. Abbreviat ions  are as follows: 
ful l - length rat 11flHSD, 11flHSD1A [35]; 17flHSD type 1, 17flHSD1 [36]; 17flHSD type 2, 17flHSD2 [13]; 
D-/ / -hydroxybutyrate  dehydrogenase,  B D H  [23]; h u m a n  carbonyl  reductase,  C A R B R E D  [27]; N - a c y l m a n -  
nosamine  1-dehydrogenase from Flavobacter ium,  NACMAN [37]; 3~gHSD from Pseudomonas, 3/gHSD [38]; 
methotrexate  resistance gene product,  HMTX [31]; 3-oxoacyl- (acyl-carrier  protein) reductase,  F A B G  [39]; 3=, 

20/~HSD from Streptomyces hydrogenans, 30% 20/IHSD [40]. 
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CTN-PEPl 
CTH-PEP2 
ActIII 
AACoARed 
NodG 

........... DKVVIITGAGGGLGKYYSLEFAKLGAKVVVndlggalngqggnskaadvvv 
dasgaptvslkDKVVLITGAGAGLGKEYAKWFAKYGAKVVVndfkdatktvdeikaaggeaw 
........... SEVALVTGATSGIGLEIARRLGKEGLRVFVcargeeglrttlkelreagve 
........... QRIAYVTGGMGGIGTAICQRLAKDGFRVVAgcgpnsprrekwleqqkalgf 
........... QKIALVTGAMGGLGTAICQALAKDGCIVAAnclpnfepaaawlgqqealgf 

A 

CTH-PEPI 
CTH-PEP2 
ActIII 
AACoARed 
NodG 

deivknggvavadynnvldgdkivetavknfGTVHVIINNAGilrdasmkkmtekdyklvid 
pdqhdvakdseaiiknvidky .......... GTIDILVNNAGilrdrsfakmskqewdsvqq 
adgrtcdvrsvpeiealvaawery ...... GPVDVLVNNAGrpgggataeladelwldvve 
dfiasegnvadwdstktafdkvksev ..... GEVDVLINNAGitrdvvfrkmtradwdavid 
kfyvaegdvsdfesckamvakieadl ..... GPVDILVNNAGitrdkffakmtrpsgmrfia 

8 

CTH-PEPI 
CTH-PEP2 
ActIII 
AACoARed 
NodG 

vhlngafavtkaawpyfqkqky--GRIVNTSSPAGlygnfgqanYASAKSALLGFAETLAKE 
vhligtfnlsrlawpyfvekqf--GRIINITSTSGiygnfgqanYSSSKAGILGLSKTMAIE 
tnltgvfrvtkqvlkaggmlergtGRIVNIASTGGkqgvvhaapYSASKHGVVGFTKALGLE 
tnltslfnvtkqvidgmadrgw--GRIVNISSVNGqkgqfgqtnYSTAKAGLHGFTMALAQE 
tnlsslfnvtqqvspkmaergw--GRIINISSVNGvkgqagqtnYSAAKAGVIGFTKALAAE 

O D 

CTH-PEPI 
CTH-PEP2 
ActIII 
AACoARed 
NodG 

gakyNIKANAIAPLARSRMTesilpp ..................... PMLEKLGPEKVAPLV 
gaknNIKVNIVAPHAETAMTItifre ..................... QDKNLYHADQVAPLL 
lartGITVNAVCPGFVETPMaasvrehysdiwevsteeafdritarvPIGRYVQPSEVAEMV 
vatkGVTVNTVSPGYIATDMvkairqdvldkivati ........... PVKRLGLPEEIASIC 
latkGVTVNAIAPGYIGTDMvmairetsasdhrqrpdeapgpsgrdrrrgvlprvgdrrlrh 

----E ...... 

CTH-PEPI 
CTH-PEP2 
ActIII 
AACoARed 
NodG 

LYLSSAENELTGQFFEVAAGFyaqirwersggvlfkpdqsftaewakrfseildyddsrkp 
VYLGTDDVPVTGETFEIGGGW ......................................... 
AYLIGPGAAAVTAQALNVCGGIgny ..................................... 
AWLSSEESGFSTGADFSLNGGIhmg ..................................... 
rldpehqrrDelpvrhrkqtar ........................................ 

F . . . . . .  

Fig. 2. Alignment of the repetitive domains of the trifunctional enzyme CTHDEG with closely related 
members  of the SCAD superfamily. Two segments of the CTHDEG protein are shown: CTH-PEP1 (CTHDEG 
amino acid residues 8-283) and CTH-PEP2 (CTHDEG amino acid residues 311-546). The total length of 
CTHDEG is 906 residues [34]. The following segments of the other SCAD members  are shown: ACTIII, 
residues 6-261 [41]; Acetoacetyl CoA reductase, AACoARed, residues 3-246 [42]; NodG, residues 3-254 [43]. The 
positions of conserved domains originally identified in Ref. [15] are shown for comparison. The entire segment 
between domains B and C is also highly conserved in all five peptides (P < 10-s), but is not homologous to 

the corresponding region in the 17flHSD and BDH enzymes. 

amino  acid  level. T h e s e  s imi lar i t ies  make  it h igh ly  
l ikely that  ca rbony l  r educ tase  is the  h u m a n  h o m o l o g u e  
of  p ig  2 0 f l H S D .  Both  these  enzymes  can be readi ly  
a l igned  wi th  m e m b e r s  o f  the  S C A D  supe r f ami ly  wi th  
each showing  a d i s t inc t ive  inser t ion  of  41 amino  acids  
ad jacen t  to the  act ive site [29]. In  add i t ion ,  the  s tereo 
specif ic i ty  of  the  ca rbony l  r educ tase  and  2 0 f l H S D  
enzymes  r e sembles  tha t  o f  the  S C A D  m e m b e r s  in tha t  
these  enzymes  t ransfe r  the  p r o - 4 S  h y d r o g e n  a tom of  
N A D H  whi le  a ldehyde  and  a ldose  reduc tase ,  t oge the r  
wi th  long-cha in  a lcohol  dehydrogenases ,  t r ans fe r  
p r o - 4 R  a toms  [27]. T h e s e  obse rva t ions  emphas ize  the  
need  for a reclass i f icat ion of  the  ca rbony l  reduc tase  
enzyme  f rom the a l d o - k e t o  reduc tase  to the  S C A D  
super fami ly .  

A D I S P E N S A B L E  C O N S E R V E D  D O M A I N  

A n o t h e r  d e p a r t u r e  f rom the or ig ina l  S C A D  s t ruc tu re  
is the  obse rva t ion  tha t  in te rna l  conse rved  doma ins  can 
be d i spensed  wi th  in some enzymes .  T h u s  the  p r o d u c t  
o f  the  me tho t r exa t e  res is tance  gene ( H M T X )  in the  

paras i t ic  p ro tozoan  L e i s h m a n i a  [31], lacks a conse rved  
C d o m a i n  whi le  r e ta in ing  conse rva t ion  in the  r e ma in -  
ing five doma ins  (Fig.  1). T h e  loss of  conserva t ion  in 
the  C d o m a i n  is un ique  to H M T X  a m o n g  the supe r -  
fami ly  m e m b e r s  and  may  be the  resul t  of  a single gene 
r e a r r a n g e m e n t  u n d e r  p re s su re  of  d rug  select ion.  
A l t h o u g h  the exact  m e c h a n i s m  of  m e t h o t r e x a t e  res is t -  
ance r emains  u n k n o w n  it is l ikely tha t  H M T X  is a 
L e i s h m a n i a  ox ido reduc t a se  as it is c losely re la ted  to 
2 0 e H S D ,  3 f l H S D  and  the p r o d u c t  of  the  F a b G  gene,  
a 3-oxoacyl  r educ tase  p resen t  in bac te r ia  and  plants .  

T h e  p r o d u c t  o f  H M T X ,  however ,  does  not  conta in  
the  cu r r en t l y  p r o p o s e d  Pros i te  [32] consensus  sequence  
for S C A D s  [the Y T M A K  m o t i f  at the  pu ta t ive  
act ive site does not  c on fo rm to the  Y - ( P S T A G C V ) -  
( S T A G C I V ) - ( S T A G C ) - K . . .  fami ly  s ignature] .  Since  
in the  p re sen t  s tudy  H M T X  can be seen to exh ib i t  
conse rva t ion  wi th  the  S C A D  fami ly  in the  A, B, D ,  E 
and  F doma ins  (Fig.  1) it is clear  tha t  this  p ro t e in  
be longs  to the  S C A D  supe r f ami ly  and  it is sugges ted  
tha t  the  fami ly  s igna ture  shou ld  be a m e n d e d  to 
a c c o m m o d a t e  this  enzyme.  
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A C H I M E R I C  ENZYME 

T h e  yeas t  C and ida  tropicalis  prov ides  a un ique  
o p p o r t u n i t y  for  us to view a snapsho t  o f  the  evo lu t ion  
o f  the  S C A D  supe r f ami ly  in p rogress .  A n  e x p e r i m e n t  
o f  na tu re  has p r o d u c e d  a gene d u p l i c a t i o n  resu l t ing  in 
a ch imer i c  p ro t e in  con ta in ing  a t a n d e m  repea t  [33] 
h igh ly  h o m o l o g o u s  to the  S C A D  fami ly  m e m b e r s  
ace toace ty l  C o A  reduc tase ,  N o d G  and  A c t I I I  (Fig .  2). 
T h e  large r e su l t an t  906 re s idue  p ro t e in  is a t r i func-  
t ional  enzyme  wi th  e n o y l - C o A  hydra t a se ,  3 - h y d r o x y -  
a c y l - C o A  d e h y d r o g e n a s e  and  3 - h y d r o x y a c y l - C o A  
ep imerase  ac t iv i ty  [34]. Each  r epea t  appea r s  to con ta in  
all o f  the  d o m a i n s  r e q u i r e d  for  enzyma t i c  act ivi ty .  T h e  
second  o f  the  repea t s  is more  c losely  re la ted  to the  o the r  
enzymes  than  is the  first,  sugges t ing  that  the  first  
p e p t i d e  is the  p rogen i to r .  W h e n  the  five p e p t i d e s  are 
a l igned,  acco rd ing  to p r ev ious ly  def ined  conse rved  
domains ,  not  on ly  are  the  first  five doma ins  h igh ly  
conse rved  bu t  the re  is also cons ide rab l e  i den t i t y  in the  
reg ion  be tween  the B and C domains ,  a l t hough  this  
reg ion  is not  re la ted  to the  c o r r e s p o n d i n g  segmen t  in 
the  1 7 f l H S D  and  B D H  enzymes .  H o w e v e r ,  it m a y  be 
p r e m a t u r e  to des igna te  this  r eg ion  the  s ta tus  of  a 
separa te  conse rved  d o m a i n  s ince two pa i rs  of  p ro t e in s  
( C T H - P E P 1 / C T H - P E P 2  and  A A C o A R e d / N o d G ,  see 
Fig .  2) are h igh ly  h o m o l o g o u s  over  mos t  o f  the i r  
lengths .  T h e s e  obse rva t ions  s u p p o r t  the  suppos i t i on  
tha t  w i th in  a g r o u p  o f  closely re la ted  enzymes  the 
reg ion  be tween  the B and C doma ins  m a y  be the  last 
to d iverge .  

Desp i t e  s imi lar i t ies  e l sewhere  the  h o m o l o g y  be tween  
the F d o m a i n s  of  C T H D E G ,  A c t I I I ,  ace toace ty l  C o A  
reduc ta se  and  N o d G  is ques t ionab le  (P  = 1.8 × 10-3) .  
H o w e v e r ,  the  C - t e r m i n a l  reg ions  of  the  C T H - P E P 1  
and  C T H - P E P 2  p e p t i d e s  are s ignif icant ly  h o m o l o g o u s  
( P  < 10 7 and  < 10 -6, respec t ive ly)  to the  F d o m a i n  of  
N A C M A N ,  F A B G ,  3 f l H S D  and H M T X  (resul ts  not  
shown) .  T h e  C - t e r m i n a l  r eg ion  of  S C A D  enzymes  thus  
appea r s  to evolve wi th  a d i f ferent  mo lecu l a r  c lock to the  
rest  of  the  p ro te in .  A n  ana logous  resul t  was o b t a i n e d  
when  c o m p a r i n g  the c losely  re la ted  ace toace ty l  C o A  
reduc tase  and  the N o d G  gene p roduc t ;  whi le  the  
f o r m e r  e n z y m e  con ta ins  an ident i f iab le  F d o m a i n  the  
la t te r  does  not ,  even t h o u g h  the p ro t e in s  are 62% 
ident ica l  in the  first  200 res idues  [15]. 

T H E  A C T I V E  SITE ' S - T '  P A T T E R N  

Some  S C A D  m e m b e r s  also to le ra te  d ive rgence  f rom 
a h igh ly  conse rved  p a t t e r n  wi th in  the  D d o m a i n  or  
act ive site o f  the  p ro te in .  Si te  d i r ec t ed  mu tagenes i s  o f  
a n u m b e r  o f  S C A D  p ro t e in s  has shown tha t  the  
conse rved  ty ros ine  and  lysine res idues  in the  pu ta t ive  
act ive site are abso lu t e ly  r e q u i r e d  for enzyme  ac t iv i ty  
[19, 20]. A n o t h e r  fea ture  of  th is  d o m a i n  is the  h igh ly  
conse rved  p resence  o f  a ser ine  or  t h r eon ine  res idue  
i m m e d i a t e l y  af ter  the  ty ros ine  a n d / o r  before  the  lys ine  

res idue  [14, 15], a m o t i f  he re in  des igna ted  the  act ive 
site ' S - T '  pa t t e rn .  O f  the  m o r e  than  25 S C A D  fami ly  
m e m b e r s  ident i f ied  to da te  only  the  bac te r ia l  enzymes  
N A C M A N  and F A B G  (Fig .  1) and  the  yeast  C T H -  
PEP1 (Fig .  2) do not  d i sp lay  this  pa t t e rn ,  a l t hough  the  
h igh ly  conse rved  Ser162 in F a b G  and  T h r 1 7 7  in 
N A C M A N ,  and Ser168 in C T H - P E P 1  m a y  c o m p e n -  
sate for  the  d ive rgence  f rom the  ' S - T '  pa t t e rn .  I t  is 
l ikely tha t  the  ser ine  and  t h r eon ine  res idues  c o m p r i s i n g  
the  ' S - T '  p a t t e r n  are i m p o r t a n t  for  enzymat i c  act ivi ty ,  
t h o u g h  there  have not  been  any s tudies  a i m e d  at 
answer ing  this  ques t ion  d i rec t ly .  In  3~, 2 0 f l H S D ,  the  
conse rved  T y r 1 5 2  and  Lys156  are loca ted  on the same 
side o f  an a lpha  hel ix  wi th  the  s ide -cha ins  of  bo th  
d i r ec t ed  at the  act ive site cleft  [21]. T h e  ad jacen t  ' S - T '  
res idues  w o u l d  also be pa r t i a l ly  d i r ec t ed  at the  act ive 
cleft  and  m a y  faci l i ta te  t ransfe r  of  the  h y d r i d e  ion to the  
cofactor .  

C O N C L U S I O N  

In  the  p re sen t  s tudy  m u l t i p l e  amino  acid  a l i gnmen t  
o f  several  r ecen t ly  c loned  enzymes  wi th  m e m b e r s  o f  the  
S C A D  fami ly  c lear ly  shows that  these  enzymes  are 
re la ted  and e xpa nds  m e m b e r s h i p  o f  the  supe r fami ly .  
W i t h  the  a d d i t i o n  of  new m e m b e r s  it  is now ev iden t  
tha t  this  fami ly  of  p ro t e ins  occas iona l ly  to lera tes  con-  
s iderab le  d ive rgence  in p r i m a r y  sequence  s t ruc ture .  
T h e s e  obse rva t ions  shou ld  faci l i ta te  a l i g n m e n t  o f  
fu tu re  m e m b e r s  of  the  S C A D  super fami ly .  
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