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Abstract

Sequences of 16 NAD and/or NADP-linked aldehyde oxidoreductases are aligned, including representative ex-
amples of all aldehyde dehydrogenase forms with wide substrate preferences as well as additional types with dis-
tinct specificities for certain metabolic aldehyde intermediates, particularly semialdehydes, yielding pairwise
identities from 15 to 83%. Eleven of 23 invariant residues are glycine and three are proline, indicating evolution-
ary restraint against alteration of peptide chain-bending points. Additionally, another 66 positions show high con-
servation of residue type, mostly hydrophobic residues. Ten of these occur in predicted §-strands, suggesting
important interior-packing interactions.

A single invariant cysteine residue is found, further supporting its catalytic role. A previously identified essen-
tial glutamic acid residue is conserved in all but methyl malonyl semialdehyde dehydrogenase, which may relate
to formation by that enzyme of a CoA ester as a product rather than a free carboxylate species. Earlier, similar-
ity to a GXGXXG segment expected in the NAD-binding site was noted from alignments with fewer sequences.
The same region continues to be indicated, although now only the first glycine residue is strictly conserved and
the second (usually threonine) is not present at all, suggesting greater variance in coenzyme-binding interactions.
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It is widely appreciated that protein sequences reflect evo-
lutionary history. More recently it has been appreciated
that although relationships eventually become blurred at
the sequence level, chain-folding patterns are more resis-
tant to change. Some relationships have been detected
only after tertiary structural determinations; an early ex-
ample of this concept is found in the “Rossmann fold” of
NAD-binding dehydrogenases (Rossmann et al., 1974),
in which sequence similarities were detected more in ret-
rospect (Wierenga & Hol, 1983). Between those relation-
ships seen with ease at the sequence level and those
detected only through similar folding patterns are the
large families of proteins that usually have broadly simi-
lar properties but that share only few strictly conserved
residues. Problematic pairwise alignment of the most dis-
tantly related members from such families is facilitated
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by successive alignments starting with less divergent fam-
ily members (cf. “short chain” alcohol dehydrogenases
[Persson et al., 1991]). The present study examines the
metabolically related aldehyde dehydrogenases in the ab-
sence of any tertiary structure, in order to assess conser-
vations suggesting function.

Aldehyde dehydrogenases (AIDH, EC 1.2.1.3) occur
with wide phylogenetic distribution. In mammals, distinct
structural classes are noted with specific subcellular distri-
butions but generally without strict organ specificity. They
are NAD-linked enzymes (with some NADP-accepting ex-
amples) that act on a broad variety of aldehyde substrates,
converting them to the corresponding carboxylic acid. In
humans, the enzyme is most widely known for its involve-
ment in conversion of ethanol-derived acetaldehyde to
acetate and for conversion of biogenic amine-derived al-
dehydes to their corresponding carboxylic acids. By 1988,
primary structures were known for the human and horse
mitochondrial and cytosolic AIDH pairs, as well as the rat
dioxin- (or TCDD-) inducible AIDH (von Bahr-Lindstrom

1890



Aldehyde dehydrogenase family

et al., 1984; Hempel et al., 1985, 1989; Johansson et al.,
1988). Since 1988, the primary structures of a number of
additional AIDHs from distant species have been reported.
The spectrum now ranges from bacterial forms through
examples from fungi and higher plants. In addition to
“classical” AIDHs (i.e., enzymes that oxidize a wide va-
riety of aldehyde substrates), structures of enzymes with
restricted aldehyde substrate preferences have been added
to the family, and new members have been proposed
(Kurys et al., 1992). Also, sequences of proteins associ-
ated with other functions have been shown to be aldehyde
dehydrogenases (e.g., the bovine corneal protein BCP54
[Cooper & Baptist, 1991], androgen-binding protein
[Pereira et al., 1991], and a retinal positional marker pro-
tein [McCaffery et al., 1991]).

Various pairwise alignments of AIDHs have revealed
32-95% amino acid identities, yet a detailed comparison
of all reported structures has been lacking. An earlier ac-
count of aligning several AIDHSs was reported by Lindahl
and Hempel (1991). Since that time, the number of avail-
able sequences has doubled, filling phylogenetic gaps and
diminishing the number of strict consensus residues. The
present group is also more diverse, including enzymes
with more narrow substrate preferences (especially semi-
aldehydes), viz. succinate semialdehyde dehydrogenase
(from Escherichia coli; for references, see Methods),
methylmalonyl semialdehyde dehydrogenase (rat), for-
myltetrahydrofolate dehydrogenase (rat), hydroxymuc-
onic semialdehyde dehydrogenase (Pseudomonas), and
v-glutamyl semialdehyde dehydrogenase (yeast).' Also,
the present analysis avoids presentation of species vari-
ants, with at most three exceptions. The phenobarbital-
inducible rat enzyme and the human cytosolic enzyme are
closely related and both are “class 1” enzymes (in the no-
menclature of mammalian AIDHs with broad substrate
specificity) with 83% identity. The human AIDHX se-
quence is clearly a “class 2” species like the liver mitochon-
drial form, and the rat liver microsomal enzyme is a “class
3” structure, distinguished from its soluble counterpart
primarily by a hydrophobic, 17-residue, presumed mem-
brane anchor at the C-terminus (Miyauchi et al., 1991).

Results

In length the AIDH sequences aligned range from the 452-
residue TCDD-inducible class 3 structure to the 575-residue
yeast y-glutamyl semialdehyde dehydrogenase. For-
myltetrhydrofolate dehydrogenase is 902 residues in its
entirety; the C-terminal AIDH domain is given as 486 res-
idues. The alignment required 640 positions to accommo-
date all gaps and extensions at the N- and C-termini.

' The possibility of sequence similarity between glyceraldehyde-3-
phosphate dehydrogenase and AIDH was examined once the first AIDH
structures became available, without detection of homology (Hempel
et al., 1984).
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Here, to distinguish the positions in the alignment from
actual position numbers of the individual sequences, we
refer to index numbers in the alignment and also note a
few actual position numbers that are cited frequently.

The alignment (Fig. 1) was initiated using the Univer-
sity of Wisconsin GCG Pileup program with default gap
penalties (Genetics Computer Group, 1991). Particularly
at the N-terminal end, manual adjustments were intro-
duced because uniform gap penalties are seldom adequate
across the entirety of a group of sequences. Overall, align-
ment was based primarily on residue identity and gap
minimization without recourse to aids such as conserva-
tion of hydrophobicity or minimum codon change (Argos,
1989). Excluding the species variants noted above, we
found pairwise identities from 17% (rat class 3 AIDH vs.
yeast y-glutamyl semialdehyde dehydrogenase) to 68%
(human class 1 vs. class 2 enzymes) (Table 1). The exact
placement of some gaps may be equivocal, particularly
near the N-terminal end, e.g., a nearly invariant Ala
might be suggested at index 108 through further gapping
of the class 3 and Pseudomonas sequences. Instead, we
have sought to avoid overaligning to produce artificially
contrived residue conservations.

The sequences share a relatively common core, al-
though not without gaps, from indexes 101 to 584, and
if the class 3 structures and Pseudomonas AIDH are ex-
cluded, this core begins around index 53, where all other
structures display elements of the “consensus” sequence
Ifingew (Fig. 1). The amino-terminus of the class 3 forms
corresponds to the beginning of the third exon of the class
1 and 2 mammalian genes (Hsu et al., 1988, 1989). Func-
tionally, the longer N-terminal domains are suggested by
limited proteolysis to be required for tetramer formation
(Loomes & Jornvall, 1991). Only the y-glutamyl semialde-
hyde dehydrogenase sequence (and precursors of mam-
malian liver mitochondrial AIDH [Hsu et al., 1988] and
AIDHx [Hsu & Chang, 1991] and spinach betaine-AIDH
[Weretilnyk & Hanson, 1990], with N-terminal targeting
sequences, not shown here) extend further N-terminally
than index 39. At the C-terminus, again the Pseudomo-
nas and class 3 enzymes provide the major deviations
from the core, with extensions. Short portions of these ex-
tensions show similarities to the noncoding portion of the
class 2 cDNA, possible evidence of stop codon migration
(Hempel et al., 1989).

The alignment indicates strong pressure to maintain a
common core throughout members of this family because
most gaps after index 200 are forced by insertions in just
one or two sequences. The longest gap is 10 residues, at
index 400. Twenty-three invariant residues are found
(Fig. 1, reverse background). More than half of these are
Gly (11) or Pro (3), most likely reflecting critical chain-
bending points. The remaining invariant residues are two
Asn and one each Cys, Lys, Arg, Glu, Thr, Ser, and Phe.
An additional 12 and 15 “nearly invariant” residues, at
93 and 87% conservation (15/16 and 14/16 identities), are
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Cllhu SSSGIPDLPVLLTDLKIQYTKIF INNEWHDSVSGK~KFPVENPAT-EEELCQVEEGDKEDVDKAVKAAR 67
Cllrt MSSPAQPAVPAPLANLKIQHTKIF INNEWHNSLNGK-KFPVINPAT-EEVICHVEEGDKADVDKAVKAAR 68
Cl2hu SARATQAVPAPNQQPEVFCNQIF INNEWHDAVSRK-TFPTVNP ST~GEVICQVAEGDKEDVDKAVKAAR 67
Aldhxhu RYSSAAALPSPTLNPDIPYNQLF INNEWQDAVSKK-TFPTVNPTT-GEVIGHVAEGDRADVDRAVKAAR 67
Mmalsaldh SSSSVPTV-m=mmmmmm e KLF IDGKFVESKSDK-WIDIHNPAT-NEVVGRVPQSTKAEMEARVAACK 55
Aspraldh MSDLFTTIETPVIKYEQPLG--~LF INNEFVKGVEGK-TFQVINPSN-EKVITSVHEATEKDVDVAVAAAR 66
vchlaldh MIYPIPNSETSTVHFKDVYDN--YIGGOWMKPHSGE-YFSNTSPVN-GLVFCRVARSSSODVELALDAAH 66
Colialdh MNFHHLAYWODKALSLAIENRLF INGEYTAAAENE-TFETVDPVT-QAPLAKTARGKSVDIDRAMSAAR 67
Spbtaldh MAFPIPARQ-—----~ LFIDGEWREP IKKN-RIPVINPST-EEI IGDIPAATAEDVEVAVVAAR 55
Sucsaldh MKLNDSNLFRQQALINGEWLDANNGE-AIDVTNPAN-GDKLGSVPKMGADETRAATIDAAN 58
Cl3rt SSISDTVKRAR 11
Cl3mrt MERQVQRLR 9
Psudaldh MTIPISLAKLNSSADTHSALEVENL 25
Fothfald . CVINYVERAVNKLTLOMPY-QLF IGGEFVDAEGSK-TYNT INPTD-GSVICQVSLAQVSDVDKAVAARK 469
Ohmucsaldh MKEIKHF INGAFVGSASGR~TFEDVNPAN-GQVIARVHEAGRAEVDAAVORAR 51
Gglusaldh  MLSARCLKSIYFKRSFSQLGHIKPPKHIRNEPVKPFRNIDLKDWDLLRASLMKFKSSSLEVPLVINGERIYDNNERALFPQTNPANHQOVLANVTQATEKDVMNAVKAAK 110
(consensus) lfingewvdavsgk.tfpv.npat.gevic.vae. .kadvd.avkaar

. . # . L . Kro . . . LN 220
Cllhu QAFQIGSPWRTMDASERGRLZYKLADL IERDRL-LLATME SMNGEKLY SNAYLNDLAGCIKTLRYCAGHADK IQGRT IR ID-~-~~GNFETY TRHE- IBYCGOETEWEFE 171
Cllrt QAFQIGSPWRTMDASHEGCIINKLADLMERDRV-LLATME SMNAGKTF THAYLLDTEVS TKALKYF AGRADKTHGQT IP SD--~-GDVF TYTRRE}E- IENCGOLIEWNGE 172
Cl2hu AAFQLGSPWRRMDASHEGRLENRLADLIERDRT-YLAALETLDNGKP YVISYLYDLDMVLKCLRY YAGWADKYHGKT IP ID--~-GDFF SYTRHEZ-VENCGOZIENNFE 171
Aldhxhu EVFRLGSPWRRMDASERGRLINRLADLVERDRY-YLASLETLDNGKPFOES YALDLDEVIKVYRYF AGHADKWHGKT IPMD - -~ ~GOHF CFTRHERY- V@YCGOTTEWNFE 171
Mmalsaldh — RAF---PAWADTSILSQOQVHLRYQOLIKENLK-EIARLITLEQGKTLADAE-GDVFRGLQVVEHACSVTSIMLGETMPS IT--~KDMDLYSYRL- L&VCAGIAEFNFE 156
Aspraldh  AAFE--GPWRQVTPSERGILINKLADLMERD ID-TLAAIESLDNGKAF TMAR-VDLANS IGCLRYYAG-ADKIHGQTTDTN-~--PETLTYTRHER-VEVCGOZTEWNFE 166
Vchlaldh — NALES---WSTTSAVERSNIZLRIADRIESNLE-TLAIVESWDNGEPIRETLAADLPLTIDHFRYFAACTRSQEGAASELD-~~~SRTLTYHLPHZ-IEWGOZTDWFE 167
Colialdh  GVFER-GDWSLSSPAKRKAVINKLADLMEAHAE-ELALLETLDTGEP IRHSLRDDIPGAARATRWYAEAIDKVYGEVATTS--~~SHELAMIVRER-VENTAMIVEWNFE 170
Spbtaldh  RAFRR-NNWSATSGAHZATYZRAIAAKITEKKD-HFVKLETIDSGKPFDEAV-LDIDDVASCFEYFAGQAFALDGKQKAPVTLEMERFKSHVLROECLESVGLISEWNYE 162
Sucsaldh  RAL---PAWRALTAKERATIZRNWFNLMMEHOD-DLARLMTLEQEKPLAEAK-GEISYAASF IEWFAEEGKRIYGDT IPGHQ---ADKRLIVIKQS ARZTEWNFE 159
Cl3rt EAF---NSGKTRSLQFIATOOFEALORMINENLK- SISGALASDLEKNEWTSYYEEVAHVLEE LDT T IKELPDWAEDEPVAKTRQTQODDLY IHSElZ LVIGAWNYE. 116
C13mrt QTFR---SGRSRPLRFILOOFEALRRMVOEREK~DILAATAADLSKSELNAY SHEVITILGE IDFMLGNLPE LASARPAKKNLLTMMDEAYVQPEIZ LIZGAWYE 114
Psudaldh  QKVASSARRGKFGATERTAAINLLKETIQRREP-EITAALAADFREPASEVKLTDIFPVLOE INHAKRNLKDWMKPRRVRAALSVAGTRAGLRYER-LIESCLIZAMWNYE 133
Fothfaldh  EAFENG-LWGKINARDRGRLIYRLADVMEQHQE-ELATIEALDRGAVYTLALKTHVGMS IQTFRYFAGWCDKIQGATIP INQARPNRNLTLTKKE-VEGLWHCHPLELS 576
Ohmucsaldh AALK--GPWGKMSVSEZARIZHRVADGITARFD-EF LEAECLDTGEPKS LASHIDIPRGAANFRVF ADLLKNVATEAFEMATPDGSGAINY AVRRIZ-KESTGVESEMILE 157
Gglusaldh  DAKK---DWYNLPFYDISAIFLKAADLISTKYRYDMLAATMLGOGENVYQAE-IDCITELSDFFRYYVKYASDLYAQQPVSRADG-- THNKAEYRIFLEEF VYAVSEFNFT 214
(consensus) qafe...pwrtmsaseRgrllnrladlierdrd.elaaletldngkpf.eay.ld...v.k..ryfagwadkihgatipid....gdt.tytrreP..Gvcgqiipwnfp

N #* * # R . N # . X 330
Cllhu LVMLI-WKIGPALSCH {PAEQTPLTALHVASLIKEAGFPPGVVN- IVP@YGP TAGAAI ~ S SHMD IDKVAE S TEVEKLIK- -~~~ EARGKSNLKRYTIELES 271
Cllrt LILF I-WKIGALSCE AEQTPLTALYMASLIKEAGFPPGVVN-VVPEYGSTAGAAT-SSHMD IDKVSE TEE TEVEKL IK--—-——- EAAGKSNLKRVTLELES 272
Cl2hu LIMQA-WKLGPALATE IVAEQTPLTALYVANLIKEAGFPPGVVN~ IVPEFGPTAGAAI -ASHEDVDKVAEZEETE IGRVIQ-~~— -~ VAAGSSNLKRYTLELES 271
Aldhxhu LVMQG-WKLAPELATE AEQTPLSALYLASLIKEAGFPPGVVN- ITTI€YGP TAGAAT~AQHMDVDRVAPESTEVGHLIQ- -~~~ KAAGDSNLKRYTLELEY 271
Mnalsaldh  AMIPL-WMFP SERVPGATMLLAKLLODSGAPDGTLN-I THEQHEAVNF IC--DHPD IKAISEVESNQAGE Y IF-~—--—-- ERGSRNGKRYQ. 254
Aspraldh  LIMWS-WKIGP TAQOTPLSALYARKLIKEAPFPAGVIN-VISEFGRTAGAAI - SSHMD IDKVARHEST LGP TIL-———-—- QARAKSNLKKYTLELES 266
Vchlaldh ~ LLMAA-WKLAP AEQTPVSILFLMEIIGD-LIPAGVIN- GSEAGNAL-ATSQRIDKLAFTESTEIGNHI L~ ~==~—~ KCAADNLIPSTIELES 265
Colialdh  LLLTC-WKLGPZL SEKSPLSAIRLAGLAKEAGLPDGVLN-VVT&FGHEAGQAL- SRHND IDAI AEESTRTGKQLL-——~-—- KDAGDSNMKRYWLEAES 270
Spbtaldh  LLCMATWKIAPAL P SELASVTCLEFGEVCNEVGLPPGVLNICLTETGPDAGAP L -VSHPDVDK IAF I SATGSKVM-~~~~ ==~ ASARQLVKPYTLELEE 263
Sucsaldh  AAM-ITRKAGPZL WP ASOTPFSALALAELATRAGVP AGVEN~-VVTESAGAVGNEL- TSNP LVRKLS PSR IGROLM -~~~ =~~~ EQCAKDIKKYSLELES 258
Cl3rt FNLTI-QPMVGZVAR {PSEVSGHMADLLATLIPQYMDONLYL -~ VPETTELL--~KERFDHIMYJESTAVEK T VM-~ ~——-~- AAARKHLTPYTLELES 212
C1l3mrt FVLTL—QPLVG%I P SELSENTAKILAELLPQYLDODLYM-~ IVNEGVEETTELL--~RQRFDHILYZENTAVEKIVM----=~-- EAAAKHLTPYTLELES 210
Psudaldh  FNLSF-GPLVSALS P SELTPHTATLIGS IVREAF SVDLVA- - VVEEDAAVSQELL-~~ALPFDHIFE TEEPRVEPP VM-~ - ~-—~= EAASKTLASYTLELES 229
Fothfaldh  LNDAILEDCSP-V. ® AQVIPLTALKFAELTLKAGIPKGVVN- I LPESGS LVGORL-SDHPDVRKIGE J€S TEVEKHIM -~~~ -~ KSCALSNVKKYSLELES 676
Ohmacsaldh LLLMT-WKVGPELACE  SEETPLTTALLGEVMQAAGVPAGVYN-VVHEF GPDSAGAF LTEHPDVNAI TEZ8E TRTGEATM- ~~~———- RAARKGVRPYSFELES 257
Gglusaldh  ATAANIL-IGAPALM-ENTVVWEP SQTAALSNYLIMTVLEEAGLPKGVIN-FILEDPVOVIDQOVL-ADKDF GALHEHESTNVEKSLYGKIQSGVVEGKYRDYPRIIGETEE 320
(consensus) 11..i.wklgpalaaGntvvlKp.eqgtpltalllaelikeagfppgvvn.vv.Gfgptagaal.sshpd.dkiaftGstevgklim........ aaaasnlkrvtlelGg

Fig. 1. Multiple alignment of 16 aldehyde dehydrogenase sequences. From the top, the AIDH sequences aligned are: Cl1hu, from human liver
cytosol (class 1); Clirt, from phenobarbital induction of rat liver; C12hu, from human liver mitochondria (class 2); Aldhxhu, from human
genomic library screening (“AIDHx”); Mmalsaldh, methyl malonic semialdehyde dehydrogenase from rat liver; Aspraldh, from Aspergillus;
Vchlaldh, from V. cholera; Colialdh, from E. coli; Spbtaldh, from spinach (a betaine aldehyde dehydrogenase); Sucsaldh, succinic semialde-
hyde dehydrogenase from E. co/i; Cl3rt, from TCDD induction of rat liver (class 3); Cl3mrt, from rat liver microsomes (a membrane-bound
class 3 form); Psudaldh, from Pseudomonas; Fothfaldh, the C-terminal half of formyl tetrahydrofolate dehydrogenase, a chimeric protein
from rat liver (N-terminal truncation noted by . . .); Ohmucsaldh, hydroxymuconic semialdehyde dehydrogenase from Pseudomonas; and
Gglusaldh, vy-glutamyl semialdehyde dehydrogenase from yeast. Strict consensus residues are printed in reverse background, identities at the
93% (15/16) and 87% (14/16) levels are highlighted by hashing. “Invariant similarities,” where all residues are K/R, D/E, T/S, Y/F, N/Q,
or L/1/V/M are indicated by # above the first sequence. Similarities conserved within one of the above categories of alternatives at the 87%
(14/16) level or greater are indicated by *. Index numbers in increments of 10 are indicated by dots on the top line, with the actual index num-
ber given at the end of each top line. The actual position number of the last residue of each individual sequence in each row is given in the

right margin following that residue. (Continues on facing page.)

denoted by gray and hashed highlighting, respectively. Of
these 27 positions, five involve Gly and two involve Pro;
otherwise, no other residue is counted more than twice in
either category and there is a relatively even balance be-

tween numbers of polar, nonpolar, and charged residues.
Interestingly, because catalytic participation of His and/or
Tyrin AIDH was once supported (Takahashi et al., 1981),
and Trpis weighted highly in scoring matrices, there are no
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x| * #. . . . . * # . 440
Cllhu KSPCIVLAIA ————— DLDNAVEFAHHGVEYHQ UCSTAASRIFVEESIYDEFVRRSVERAKKYIL-~====mm GNPLTPGVTQGPQIDKEQYDKILDLIESGKKEGAK— 366
Cllirt KSPCIVFAIA ————— DLDSAVEFAHQGVEFHO JI®VAASRLFVEESIYDEFVRRSVERAKKYVL-~=-=--=-= GNPLDSGISQ@PQIDKEQHAKILDLIESGKKEGAK- 367
Cl2hu KSPNIIMS JA~~—== DMDWAVEQAHFALFENO OC®CAGSRTFVQEDIYDEFVERSVARAKSRVV-~~=w—mm- GNPFDSKTEQ@PQVDETQFKKILGYINTGKQEGAK- 366
Aldhxhu KSPSIVLAIA ————— DMEHAVEQCHEALEFNMEJCOCAGSRTFVEES [ YNEF LERTVEKAKQRK V-~ —-~GNPFELDTQQGPOVDKEQFERVLGY IQLGOKEGAK- 366
Mmalsaldh ﬂNHGVVMP A-———= NKENTLNQLVGAAF E" OROMALSTAVLVGEAKKWLPEL-VERAKNLRV-~- -——NAGDQPGADLGPLITPQAKERVCNLIDSGAKEGASI 349
Aspraldh KSPNIVFDPA----- DIDNAISWANFGI3ENH §CC AGSRILVQEGIYDKEVARFKERAQKNKV-~ =~ —mmmm GNPFEQDTFQGPQVSQLOFDRIMEY INHGKKAGAT - 361
Vchlaldh KSPNIYFP] IFSHEDQYLDKCIEGALLA'FNOGI CPSRILVHESIYEKFIAKITERVALIKQ-~-=-=---~ GNPLDTETQIGAQVSKEQYDKILGYIQIGKDEGAE— 365
Colialdh ﬁSANIVFApC—---PDLQQAASATAAGI YNQECOVETAGTRLLLEES TADEF LALLKQQAQNWQP - ——=—--=~ GHPLDPATTMGTLIDCAHADSVHSFIREGESKGQL- 366
Spbtaldh KSPIVVFEHV ----- DIDKVVEWT IFGCEWTNEGT®SATSRLLVHES IAARFVDKLVKWTKNIK I -~~~ ==~ SDPFEEGCRLGPVISKGQYDKIMKFISTAKSEGAT— 358
Sucsaldh NAPFIVFD@A ————— DLDKAVEGALASK;RN‘ O T@VCANRLYVQDGVYDRFAEKLQQAVSKLEI-~~----=- GDGLDNGVTIGPLIDEKAVAKVEEHIADALEKGAR— 353
Cl3rt KSPCYVDKD ————DLDVACRRIAWGKjMNS T®VAPDYILCDPS IQNQIVEKLKKSLKDFY--~-—----- GEDAKQSRDYGRIINDRHFQRVKGLIDNQK —————— 301
Cl3mrt KSPCYIDRﬁC ————— DLDVACRRITWGKYMN 0TCIAPDYILCEASSQDQIVQKIKDTVKDFY —————————— GENVKASPDYERIINLRHFKRIKSLLEGQK---~-- 299
Psudaldh KSPCIIGPTA ————— NLPKAARNIVWGKﬁSN (T APDHVEFVHRC TAQKFNEILVKEIVRVYGKD------- FAAQRRSADYCRIVNDQHFNRINKLLTDAKAKGAK- 326
Fothfaldh KSPLIIFADC ————— DLNKAVQMGMSSV@FN EFNOIAAGRLFVEES THNQFVQKVVEEVEKMK I ~ ——~m e =~ GNPLERDTNH@PQNHEAHLRKLVEYCQRGVKEGAT- 771
Ohmucsaldh 5NAGIVFADC ————— DLDKAIEGSMRSVQAN Q OLGTERLYVERP IFDEFVARLKAGAESLVI-~-==-==-~ GTPDDPQANFGPLISLQHREKVLSYYQKAVDEGAT— 352
Gglusaldh  KNFHLVHPSA----- NISHAVLSTIRGTEEFGEY CSAASRLYLPESKSEEFLSDMFGILQSQNVVPMNTSASPISGGNLRGFMGPVIHEQSFDKLVKVIEDAKKDPELE 425
(consensus) kspcivfada..... dldkaveqah.g.tfngGq.Ciaasrl.veesiydefve.lverakklkv......... gnpldpgtdquqldk gfdkilg.i..gkkegak.
. oo, Lok ok . .
Cllhu QQIMKFKSLDDVIK--- TFYGESAGVFTKD--IDKAITISSALQ 464
Clirt QQIMKEKSIDEVIK--- TPYGEAAGVETKD--LDRAITVSSALQ. 465
Cl2hu QILKFKTIEEVVG--- STYGLARAVFTKD--LDKANYLSQALQ. 464
aldhxhu QPLFKFKKIEEVVE--- TRYGJAAAVFTRD--LDKAMYFTQALQ 464
Mmalsaldh LVVLETETLDEAIK---IVDNPYGNGTAIFTTN--GATARKYAHMVD 451
Aspraldh TIQKFKDVAEAIK---IGNSTDYGHAAAVHTKN--VNTAIRVSNALK. 459
Vchlaldh IAITRFKDEIEALH---LANDTVYGEGAGVWIRD-- INIAHRMAKNIK 467
Colialdh LVVTRFTSEEQALQ---L SQYGIGAAVWTRD--LSRAHRMSRRLK. 462
Spbtaldh LCVKTFSSEDEAIA--~LANMDTEYGJAAAVF SND--LERCERITKALE 458
Sucsaldh APLFRFKDEADVIA~-~Q TEFGLAAYFYARD-~LSRVFRVGEALE 451
Cl3rt PIVCVRSLEEAIQ---F1Ii REKPZALYVFSNN--EKVIKKMIAETSS VT 400
Cl3mrt IO\ LTDVDPNSKVMOEIATIEIT 1P TVSVKNVEEAIN-~~F I REKPVALYIFSHN—~NKLIKRVIDETSS VTG 398
Psudaldh LSNVTAAMD INHEMTIIEILLLP [ IEYDDIDSAIN---F INDREKPLALY IF SHN-----~ NKVICRTSS SVG 421
Fothfaldh VPRPGFFFOIg\VF TDVEDHMY TAREIASIQ6ISTMT T SRFADGDVDAV-LS TEFGEASGVFTRD-~INKALYVSDKLQAGTY] 871
Chrwcsaldh ¢l VPEMPAELAGGAWVOPTIWTGLADGAAVVT A Tide 3 CCHIRPFDREEEAVE---L SLPYG”AATIWTEN—-TSRAHRVAGQLE Ij 455
Gglusaldh ; I3GYILTVYEYPDTEFNEICD I ID SQYAgTGAIFAKDRKAIEYADEKLKFS 530
(consensus) lchgg ....... g..gyfigPTvftdvtd.m.iakeEiFGPvlpi.kfkdeeeaik...raNdteyglaaavft.d..ldra.rvs.alqaGtvwvN. .cy
. R 2 A . 640

Cllhu EL---GEYGFHEYTEVKTVTVKISQKNS 500
Cllirt EM---GEQGVYEYTELKTVAMKISQKNS 501
Cl2hu EL---GEYGLQAYTEVKTVTVKVPQKNS 500
Aldhxhu EL---GEDGLKAYTEVKTVTIKVPQKNS 500
Mmalsaldh TNFY-GKOGIQFYTQLKTITSQWKEEDATLS SPAVVMPTMGR 503
Aspraldh EL---GSYALENYTQIKTVHYRLGDALFA 496
Vchlaldh ET---HKLTLSHYQNIKNVLISHEIKPLGLF 506
Colialdh K-~-~SLHALEKFTELKTIWISLEA 495
Spbtaldh EL---GEWGIQNYLNIKQVTQDISDEPWGWYKSP 500
Sucsaldh EG---SKYGIEDYLEIKYMCIGL 482
Cl3rt YH--~GKKSFETF SHRRS-CLVKSLLNEEAHKARYPP SPAKMPRH 452
Cl3mrt ¢ YH---GKYSFDTFSHORP-CLLKGLKGESVNKLRYPPNSESKVSWSKEF LLKQFNKGRLQLLLLVCL.VAVAAVIVKDQL 484
Psudaldh 1®SAH---GVYGFRAFSHEKPVLIDKFS I THW-~~~-LFPPSYTKKVKQLIGITVKYLS 480
Fothfaldh 'F DL---GEAALNEYLRIKTVIFEY 902
Ohmucsaldh fI EG-~~GVHSLEFYTELKNICVKL 486
Gglusaldh DGKAGGPNILSREVSIRNTKESFYELTDF-~~~KYPSNYE 575

{consensus) ngfk SgnGrel...geygle.yteiktvtiklsqgknsg. .k.rypp

Fig. 1. Continued.

His, Tyr, or Trp residues among the strict or near consen-
sus residues.

Fifteen other “invariant similarities” are noted, where
all residues are from one of the following groups: L/1/
V/M, R/K, F/Y, D/E, and S/T (Fig. 1, #). Eleven of
these involve hydrophobic residues L/I/V/M, whereas
three are F/Y and one is R/K. A further 26 similarities
at the 87% (14/16) level, using the above categories, are
also noted by asterisks (Fig. 1). Twenty-one of these are
of the L/1/V/M group, three T/S, and one each basic and
acidic conservations, suggesting that most of these simi-
larities are important for interior-packing interactions. A
total of 89 positions are noted in one of the above ways
(indexes 295 and 359 are included in two categories), or

about one-seventh of each sequence. No consensus resi-
dues are found upstream of index 126. However, one res-
idue in this region is noted: Ile at index 65 is found in all
sequences except the class 3 and Pseudomonas sequences,
which are N-terminally truncated in this region.

Predicted secondary structures

We used the Chou-Fasman parameters to predict second-
ary structures for these sequences, from indexes 62 to 584,
in an effort to determine any correlation between conser-
vations and common, strongly suggested elements of sec-
ondary structure. These data are compiled in Figure 2,
as average «-helical, 8-strand, and reverse-turn potentials.
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Table 1. Percent pairwise identities between aldehyde dehydrogenase sequences®

J. Hempel et al.

11

1 2 3 4 5 6 7 8 9 10 12 13 14 15

1 Clihu 100 828 68.2 644 304 565 396 384 394 361 268 227 263 455 366 25.0
2 ClIrt 100 656 63.6 305 563 383 394 400 369 266 223 263 447 38.7 242
3 Cl2hu 100 73.8 296 57.1 40.8 41.0 41.0 353 259 21.5 26.0 437 38.1 242
4 Aldhxhu 100 296 548 41.2 41.8 39.8 353 257 209 25.0 455 36.8 24.2
S Mmalsaldh 100 25.8 217 267 274 272 21.7 18.0 21.5 222 292 23.1
6 Aspraldh 100 42.1 410 393 363 261 231 240 446 377 260
7 Vchlaldh 100 376 364 324 235 205 219 347 356 219
8 Colialdh 100 341 351 274 227 227 346 399 26.1
9 Spbtaldh 100 36.3 268 23.8 248 329 366 246
10  Sucsaldh 100 23.7 214 235 353 36.1 239
11 Cl3rt 100 63.3 394 224 246 18.6
12 Cl3mrt 100 38.5 203 223 17.4
13 Psudaldh 100 21.9  25.0 19.0
14 Fothfaldh 100 34.8 237
15 Ohmucsaldh 100 26.3
16  Gglusaldh 100

2 For abbreviations, cf. Figure 1.

As indicated, an antiparallel helix pair is suggested by
helical character from indexes 95 to 115 and 130 to 150.
Then, starting at index 210, alternating 8 and « segments
are generally apparent, often punctuated by turns, until
index 540, suggesting that AIDHs are predominantly 3/«
structures.

Discussion
The 16 AIDHs compared here represent a clearly interre-

lated family, with higher divergence of some pairs but lit-
tle clear segregation of structures into two or three more

closely related groups (Table 1; Fig. 4). Greater conser-
vation at the C-terminal half of the sequences is also seen
in Figure 1, where 18 of 23 invariant residues are found
after index 320. This greater downstream conservation
may reflect greater specific requirements of the catalytic
domain because this position marks the major site of lim-
ited tryptic cleavage of human AIDHs, separating the ap-
parent nucleotide-binding and catalytic domains (Loomes
& Jornvall, 1991). The catalytic domain may have an ex-
tremely ancient relationship with other thiolesterases, as
seen from alignment of AIDHs with thiol proteases and
correlations with the tertiary structure of papain (Hem-
pel et al., 1991).

Helix

Beta

Turn

Fig. 2. Average secondary structural po-
tentials using Chou-Fasman parameters,
derived from the aligned sequences of Fig-
ure 1. Data are plotted as average values
(open circles) with standard deviations
(bars). Horizontal lines correspond to the
threshold values taken to reflect confidence
in assignment of respective predictions. Best
estimates from these data are summarized
in the bottom line as «, 8, or T for helix,
strand, or turn segments, respectively.

T T T
340 380 420

Index

T y — T T T
60 100 140 180 220 260 300

T T T
480 500 540 580
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Conservation of tertiary structure in preference to pri-
mary structure has become a common theme in protein
evolution (Brindén & Tooze, 1991) and is further sug-
gested by the present alignment. It might be expected a
priori that the most highly conserved residue clusters of
primary structure (for instance, those segments contrib-
uting to the consensus sequence vtlelGgkspciv at indexes
324-336) would, artificially, provide the strongest sugges-
tion of one type of secondary structure. In the AIDHs,
such conserved segments provide no strong suggestion of
any regular secondary structure because most of these seg-
ments are themselves of low «/f potential. Considering
the anti-helical and anti-strand potentials of Gly and Pro,
and to a lesser degree Asn, Thr, and Ser (Chou & Fasman,
1978), which together constitute 17/23 invariant residues,
this may not be surprising.

Highly conserved segments are expected to play key
roles in catalytic function. However, because the assembly
of binding sites from residues located on turns or loops is
frequent (Fetrow & Rose, 1990), it might in fact be more
surprising if the most highly conserved regions were sug-
gested to form regular structure. The o-helical, 8-strand,
and turn potentials of segments such as fxnxGgxCia (in-
dexes 359-368) and pfgGfkxSgxGr (indexes 550-561) give
the impression of forming specialized random (nonrepet-
itive) secondary structure, including reverse turns (see be-
low), which would be consistent with this theme. As
illustrated by the globin family (Lesk & Chothia, 1980),
if maintenance of a simple a-helix or $-strand is crucial,
many residues can substitute for all but the most important
one(s), thus such segments may not contain any residue
conservations. The strong helical averages of segments at
indexes 94-114 and 130-148, where there are no invari-
ant residues and only a few positions with a notably high
level of conservative replacements, may reflect similar
structural requirements.

Earlier recognized functional residues

At index 366, the invariant cysteine residue, Cys 302 of
mammalian classes 1 and 2 AIDH, finds continued sup-
port in a catalytically essential role. Of the many cysteine
residues present in the various individual AIDH struc-
tures, only this one is strictly conserved. It is labeled se-
lectively by iodoacetamide and implicated in the reaction
of AIDH with disulfiram (Hempel et al., 1982), and is also
labeled by a reactive (brominated) coenzyme analog (von
Bahr-Lindstrom et al., 1985) and a vinyl ketone analog
of a long-chain (insect pheromone) aldehyde (Pietruszko
et al., 1991). As such, this residue is now generally re-
garded as the catalytic cysteine.

Another important residue was also identified earlier
by chemical modification: Glu 268 (index 327) in human
liver AIDHs is modified selectively by bromoacetophenone
(Abriola et al., 1987) and finds continued support from
its high conservation. However, the acidic functionality
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is lost at this position in methylmalonyl semialdehyde dehy-
drogenase (Kedishvilli et al., 1992), where an asparagine
residue occurs. Interestingly, of all the AIDHs compared,
this enzyme is the only one known to produce a CoA es-
ter rather than a free carboxylic acid from a free aldehyde,
tempting the speculation that Glu 268 is required for expul-
sion of a free acid product, but not when the mechanism
involves thiolester exchange (attack on the enzyme-bound
thiolester intermediate by another thiol), to form prod-
uct directly.

The alcohol-sensitizing mutation

At index 576, a residue found through natural mutation
to be incompatible with catalytic activity is the lysine (in
place of glutamic acid) residue at position 487 of human
liver mitochondrial AIDH from individuals of Asian an-
cestry with intolerance to ethanol. This mutation is known
to be dominant because heterozygotes also display this
sensitivity (Crabb et al., 1989). Their class 2 AIDH activ-
ity is nil despite expression of both types of subunit, pre-
sumably the result of subunit-subunit interactions,
because only 6% of all tetrameric species from equimo-
lar amounts of randomly associating subunits in a hetero-
zygote would contain four nonmutant subunits. The
specific purpose of this glutamate moiety has never been
suggested. The present alignment, still with flanking sim-
ilarities at this location, viz. Tyr-Phe at index 574 and
Lys-Arg at index 578, contributes little to any explana-
tion because 9 of the 16 sequences contain residues other
than Glu at index 576 (Glu, Gln, Asn, His, Arg, and Ser).

A probable coenzyme-binding region

The nucleotide-binding domain of aldehyde dehydroge-
nase has been localized to the amino-terminal half of the
protein by limited proteolysis (Loomes & Jornvall, 1991).
Consistent with this suggestion, segments from indexes
295 to 327 from various individual AIDH sequences have
been noted previously to correspond most closely to the
residue pattern characteristic of a portion of the nucleo-
tide-binding domain. The expected pattern is GXGXXG
(Wierenga & Hol, 1983), taken to reflect the turn at the
end of the first 3-strand in the first mononucleotide-binding
unit of the Rossmann fold, which interacts with the ade-
nine ribose of NAD. With (save once) a threonine in place
of the second glycine residue, the sequence ftGstevg at in-
dexes 295-302 provides the closest match to this pattern.
The residue at index 302 would be an invariant Gly, ex-
cept for the Phe from y-glutamyl semialdehyde dehydrog-
enase. As seen in Figure 1, that sequence is the only one
of the 14 structures to have an insertion just after this
point, suggesting addition of a loop. Furthermore, al-
though far from fitting exactly the core pattern “ex-
pected” of such segments, the segments flanking these
glycine residues seem to have many of the expected ele-
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kiaftGstevgkximxxaaxxnlk--xvtl-el

XOPxOPxGXGXXGXXXPXXODXXXXXXXXX0O0x0x0z%Xx

Fig. 3. Putative coenzyme-binding domain of aldehyde dehydrogenases aligned against the expected pattern (Wierenga & Hol,
1983). Upper sequence: consensus sequence derived from segments at index 293-329 (Fig. 1) but excluding the gap forced by
the y-glutamyl semialdehyde dehydrogenase sequence. Lower sequence: GXGXXG-containing pattern expected of segments from
nucleotide-binding folds. @ denotes a hydrophobic residue and © denotes an acidic residue; residues underlined are the same
as those found in at least 3 of 11 coenzyme-binding segments compiled recently (Brindén & Tooze, 1991).

ments (Wierenga & Hol, 1983; cf. Fig. 3). Interestingly,
the apparent canonical acidic residue at the C-terminal
end of the coenzyme-binding pattern is Glu 268, yet the
residue at this position is not expected to be acidic in
NADP-specific enzymes (Brandén & Tooze, 1991). The
two class 3 AIDHs readily use NADP, although they are
not obligate in this respect, and each still has a glutamate
residue at this position. These observations show that ca-
nonical sequences can be quite useful, but that some cau-
tion may still be prudent in describing this segment as the
site of the crucial turn in the Rossmann fold on the basis
of residue patterns alone,? supporting the view that “most
consensus sequences are not quite essential and almost
never suffice to identify a structure-function relationship”
(Doolittle, 1989, p. 608). The recent finding that porcine
lens aldose reductase is an o/ barrel protein (Rondeau
et al., 1992) provides another cautionary note against the
expectation that AIDHs even have a Rossmann fold.
Based on secondary structural predictions, it is difficult
to distinguish between open 3/« structures (e.g., with
Rossmann folds) vs. closed barrels because both have
alternating 8 and « segments.

Regardless, the implication that the segments at indexes
290-362 form the first mononucleotide-binding unit
seems strengthened by consideration of the predicted sec-
ondary structures. The segment ftGs (indexes 295-298)
yields the strong suggestion, with low standard deviation,
of a turn. Just upstream, a short 3-strand is indicated con-
vincingly, whereas just downstream of the gap forced by
v-glutamyl semialdehyde dehydrogenase, two turns of
«-helix are indicated. Continuing further downstream, a
turn and alternating 3 and o segments are suggested, fol-
lowed by a pair of turns flanking Cys 302 at index 366.
These indications are quite compatible with the overall ex-
pectation that the catalytic residue should lie in proxim-
ity to the coenzyme. Thus, starting from the third glycine
residue of the presumptive “GXGXXG?” at index 302, an
afBaf segment would carry the main chain away from and
back toward this point twice, compatible with location of
the coenzyme near the catalytic cysteine rather than on
opposite faces of the enzyme.

2 Another glycine-rich segment is also noted, at indexes 566-573, but
this seems less likely as a potential coenzyme-binding site on both pri-
mary and predicted secondary structural grounds.

Critical chain-bending points

The abundance of consensus glycine residues in addition
to those in the apparent coenzyme-binding site is consis-
tent with the long but often underappreciated importance
of glycine in allowing bends outside the limits imposed by
side chains of all other residues (Neurath, 1943). This
points to a chain-folding pattern changing much more
slowly than individual residues, characteristic of many
protein families.

A four-residue segment, almost always with two glycine
residues (sgxG at indexes 557-560), is predicted as a turn,
as are many of the other invariant glycine residues in Fig-
ure 2. Three of these are found in nearly invariant Gly-
Gly pairs (indexes 329-330, 444-445, and 552-553), but
only the second one of these pairs is indicated to be the
center of a reverse turn, despite the necessity of one and
frequently two glycine residues in type I, II, and II” (or
“inverse common,” “glycine,” and “inverse glycine”) turns
(Richardson & Richardson, 1987, 1989). According to
Creighton (1993), Gly-Gly is required at positions i + 1
and / + 2 in the rare type I’ and III’ turns. In liver alco-
hol dehydrogenase, two Gly-Gly segments participate in
severe bends in the peptide chain without being part of
typical reverse turns.’ Thus, these Gly-Gly segments in
the AIDH family seem to be required for bends more spe-
cialized than reverse turns. In addition, there are several
instances of coinciding Gly in all but one or two of the
16 sequences: c¢f. indexes 302 (in the putative coenzyme-
binding fold, above), 330, 415, 445, 552, and 558. Similar
observations regarding overrepresentation of consensus
glycine residues within the large sets of sequences now

3 As judged from ¢, ¢ angles of —80°, —165° and —67°, —43° for
Gly 201-202, and 60°, 22° and 76°, 0° for Gly 320-321 (Eklund et al.,
1976; Bernstein et al., 1977; Abola et al., 1987; from Brookhaven data
entry 8ADH, version of April 15, 1991), these Gly-Gly segments per-
mit a main-chain bend far outside the limits allowed with other residues.
Using these examples, and using the bond angle specifications for re-
verse turns, the bond angles of Gly 201 and Gly 202 lie outside even the
classified turn types, in a generally forbidden portion of the Ramachan-
dran plot described as permissible only with Gly and then only “with
slight flexibility of bond angles” (Creighton, 1993). As residues / + 1 and
i + 2, the bond angles of Gly 320 and Gly 321 fit the specifications of
a type I’ turn, yet the dihedral angle formed by the four «-carbon at-
oms is —71° (vs. —45° for a perfect type I’ turn) and the i to i + 3 car-
bonyl to amide distance is 3.3 A, vs. the 2.9-A perfect hydrogen-bonding
distance. Neither pair was described originally as forming part of a re-
verse turn, nor do these values indicate such a structure.
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available for both long- and short-chain alcohol dehy-
drogenases have been made (Jornvall, 1977; Borras et al.,
1989; Persson et al., 1991).

Another segment with an invariant Gly is EiFGP at
indexes 478-482, which seems likely to terminate the
C-terminal end of an a-helix. This segment also provides
the only example of three contiguous invariant residues,
yet any suggestion of the specific significance of these res-
idues remains to be detected. The phenylalanine residue,
at least, suggests a crucial site for hydrophobic interac-
tion just downstream of a polar environment.

Internal packing

Whereas the most frequently conserved residue was found

to be glycine, the large majority of invariant and highly-

conserved similarities were the hydrophobic amino acids
L/1/V/M. Correlation of the locations of these amino
acids, as indicated in Figure 1, with the predicted second-
ary structures in Figure 2, shows that they frequently oc-
cur in locations with high 8-strand potential, particularly
in short runs of contiguous hydrophobic amino acids (cf.
indexes 240, 241, 271, 272, 335, 336, 483, 486, 535, 537).
This suggests buried parallel 3-strands in BaS-folding
units, consistent with the architecture of other known
NAD-binding dehydrogenases. All the above positions
occur as pairs within a given predicted strand, and all but
the 535, 537 pair are both odd and even numbered, sug-
gesting important hydrophobic packing interactions
pointing from both faces of a 3-sheet.

General conservation of Cys and Trp

In searching protein sequence data banks, conservation
of Cys or Trp is usually more greatly rewarded than any
other residue because the one of the Dayhoff PAM sub-
stitution matrices (Dayhoff et al., 1983) is usually the de-
fault option in alignment programs. This matrix is nearly
15 years old and has been recalculated recently based on
the now much expanded set of available protein sequences
(Jones et al., 1992), with many substitutions involving Cys
or Trp being penalized far less severely. The residue con-
servations seen here are consistent with this reevaluation.
Thus, with the exception of Cys 302, no more than seven
cysteine residues coincide at any position in the alignment
(index 211), whereas the greatest conservation of trypto-
phanisin 13/16 sequences at indexes 119 and 217. At the
first of these locations, Trp is found just downstream of
a gap in many of the sequences, suggesting the location
of a turn (because gaps are accommodated most easily in
turns or loops) even though it is not predicted as such,
whereas at the latter location it occurs in a pentapeptide
segment (indexes 216-220) usually punctuated by proline
residues, and with above-threshold turn potential. Con-
sidering the likelihood of tryptophan to occupy the fourth
position of a reverse turn (Chou & Fasman, 1978), the
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function of both of these Trp residues may relate to turn
formation.

Evolution

Clearly, the alignment supports divergence of these 16
structures from a common ancestor (or, in the case of for-
myl tetrahydrofolate dehydrogenase, recruitment of a
part of its structure from this common ancestor). An un-
rooted family tree, generated by the FITCH method in
the PHYLIP suite of programs (Fitch & Margoliash,
1967; Felsenstein, 1990) from the “common core” of the
alignment, between indexes 102 and 584, is given in Fig-
ure 4. The six mammalian AIDH sequences already noted
to be class 1, 2, and 3 pairs are expectedly close, and the
class 1 and 2 groups are more closely related to each other
than any of the other examples. Otherwise, and consid-
ering each of these mammalian pairs as one entry each,
any pair of sequences appears nearly as divergent as any
other, showing that the classification system for mam-
malian “classical” AIDHs does not extend to more di-
verse species. Although AIDHs of both broad and narrow
substrate specificities are represented here, and they do
not segregate accordingly on the tree, the broadly diver-
gent nature of this family of interrelated structures is
reinforced.

Beyond reliance on computer programs to determine
the apparent separation of these enzymes, the closer re-
lationship of the Pseudomonas enzyme to the class 3
AlDHs is noted visually. These three are both truncated
at the N-terminal end and extended at the C-terminal end
to a greater extent than the other sequences. They also
share a pair of gaps, common to just these three se-
quences, between indexes 269 and 285, as well as the seg-
ment E/DKPLALY, at indexes 514-520. No other closer
groupings are noted, underscoring the relatively even in-
terrelatedness of the 16 structures compared here, as sug-
gested by the unrooted tree. For this reason we refer to
these enzymes as a family and not a superfamily, where
distinct families could be identified through clustered re-
lationships and divergent enzymatic functions, such as
with the recent suggestion that aldehyde dehydrogenases
and thiol proteases may be related through origins from
a common thiolesterase (Hempel et al., 1991).

Regarding this putative thiolesterase relationship, res-
idues at 16 positions were noted as conserved or highly
similar between four thiol proteases and four AIDHs.
Seven of those residues were indicated as strictly con-
served, 5 of which are among the 23 invariant residues of
Figure 1. One of the folding relationships suggested from
that study was maintenance of an internal salt bridge,
similar to that between Glu 35 and Lys 174 in papain.
That conservation was maintained in all but class 3 AIDH,
where residues at both corresponding positions were re-
placed by uncharged alternatives. Examination of resi-
dues at indexes 377 and 556 in the present study reveals
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Gglusaldh
Sucsaldh
Colialdh
Vchlaldh
Mmalsaldh 3297
2386
2113 Fothtaldh
2856 2236
@ @ 2143
Psudaidh 2214 @‘ @
)\ 2/ 1415
739 L/ 7 Aspraldh
T SAS
1241 @y /X 825
Clamrt © 61 170'2'“'
1118
2354 576
Aldhxhu
Clirt
Cl1hu
Ohmucsaldh
Spbtaldh

Fig. 4. Unrooted evolutionary tree derived from the sequences as aligned in Figure 1. The tree was constructed using the FITCH
program in the PHYLIP suite of programs (Fitch & Margoliash, 1967; Felsenstein, 1990) and is drawn to the scale of the dis-

tances given to the side of each branch. Sequence abbreviations are as given in the legend to Figure 1.

the tendency to maintain this relationship in all but the
two class 3 AIDHs (both positions uncharged), Pseudo-
monas and methylmalonyl semialdehyde dehydrogenase
(each with lone arginine residues), and hydroxymuconic
semialdehyde dehydrogenase (with double basic residues).

Clearly, our understanding of AIDH structure-function
relationships would be advanced by the availability of a
tertiary structural model that is determined experimen-
tally. Several groups are now working separately on crys-
tals of the class 1, 2, and 3 enzymes, yet despite some
progress (Rose et al., 1991; Hurley & Weiner, 1992) none
have advanced to the stage of having suitable heavy-atom
derivatives. Thus, for now, the above observations gleaned
from sequence alignments must guide our efforts at site-
directed mutagenesis, which has most recently been aimed
at development of better heavy-atom derivatives.

Methods

The AIDH sequences aligned were from human liver cyto-
sol (class 1) (Hempel et al., 1984), phenobarbital induction

of rat liver (Dunn et al., 1989), human liver mitochondria
(class 2) (Hempel et al., 1985), “AIDHx” from human ge-
nomic library screening (Hsu & Chang, 1991), Aspergillus
(Pickett et al., 1987), spinach (a betaine aldehyde dehy-
drogenase) (Weretilnyk & Hanson, 1990), TCDD induction
of rat liver (class 3) (Hempel et al., 1989) and Pseudomonas
(Kok et al., 1989), succinyl semialdehyde dehydrogenase
from E. coli (Niegmann et al., 1992), methyl malonic
semialdehyde dehydrogenase from rat liver (Kedishvilli
et al., 1992), membrane-bound AIDH from rat liver mi-
crosomes (another class 3 type) (Miyauchi et al., 1991),
and soluble AIDHs from Vibrio cholerae (Parsot &
Mekalanos, 1991) and E. coli (Heim & Strehler, 1991). A
sequence reported from yeast (Saigal et al., 1991) has been
omitted because certain portions of that sequence have
been questioned by these authors.

Substrate-specific AIDHs include y-glutamyl semialde-
hyde dehydrogenase from yeast (Krzywicki & Brandriss,
1984), hydroxymuconic semialdehyde dehydrogenase
from Pseudomonas (Norlund & Shingler, 1990), and the
C-terminal half of formyl tetrahydrofolate dehydroge-
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nase, a chimeric protein (Cook et al., 1991). The latter
represents the first example of a chimeric enzyme com-
posed of an aldehyde dehydrogenase domain joined to
other functional domains in a single polypeptide.

The sequences were obtained from the NBRF data base
(George et al., 1986) or from the original sources. An ini-
tial multiple alignment was made using the CGC Pileup
program (Genetics Computer Group, 1991), and refine-
ments, primarily at the N- and C-terminal ends, were
introduced manually using the GCG Lineup program.
The alignment display (Fig. 1) was generated using the
MALIGNED editor and MALFORMED formatter
(Clark, 1992). Secondary structural assessments were
made on the basis of Chou and Fasman (1978) numeri-
cal potentials as refined by Ralph et al. (1987). In order
to avoid overrepresenting the contributions of the closely
similar class 1, 2, and 3 sequence pairs, the rat class 1,
human AIDHX, and rat microsomal sequences were omit-
ted from the alignment used for calculation of average
Chou-Fasman values. These values and standard devia-
tions were compiled using four-residue windows for he-
lical and turn predictions, and three-residue windows for
B-strand predictions. The averages are centered on the sec-
ond residue of the window for both helices and strands,
and on the first residue for reverse turns; values flanking
gaps of individual sequences were averaged across the
gaps. Graphical compilations of the data were made using
CricketGraph on a Macintosh computer.
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