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Abstract

Orthologs typically retain the same function in the course of evolution. Uidgcarboxylating dehydrogenase family

as a model, we demonstrate that orthologs can be confidently identified. The strategy is based on our recent findings
that substitutions of only a few amino acid residues in these enzymes are sufficient to exchange substrate and coenzyme
specificities. Hence, the few major specificity determinants can serve as reliable markers for determining orthologous
or paralogous relationships. The power of this approach has been demonstrated by correcting similarity-based functional
misassignment and discovering new genes and related pathways, and should be broadly applicable to other enzyme
families.

Keywords: homoisocitrate dehydrogenase; isocitrate dehydrogenase; isopropylmalate dehydrogenase; tartrate
dehydrogenase

The genomes oEscherichia coli yeast, worm, and 300 other the course of evolution. By contrast, paralogs are genes related by
microbial species have been completely sequenced. The sequerdiplication within an organism and have evolved a related but
ing of the Arabidopsisand human genomes is scheduled to bedifferent function(Tatusov et al., 1997 Protein families are fur-
completed by the end of the year 2000 and 2003, respectively, antther grouped into superfamilies that are usually homologous, and
the sequence of many other genomes may become available in tleds, and classes that share common structural features but are not
coming decade. The emergence of genomics has changed the wagcessarily homologoug-ig. 1). Hence, a powerful approach to
by which genes are discovered and isolated. In the past, a peptigeedicting the exact function of a new protein is to use bioinfor-
sequence or phenotype has lead to the isolation of a new genmatics(e.g., BLAST, PSI-BLAST, and domain database seanches
Now an investigator begins with the sequence of a key gene antb find its characterized ortholog3atusov et al., 1997; Hofmann,
searches for homologous genes in an organism of intéirsti- 1998. Nevertheless, with incompletely sequenced genomes or large
koff et al., 1997. Genomics, as a powerful approach, will certainly phylogenetic distances, there is always the chance that the best
have tremendous impact on both fundamental and applied rematch in a database hit is just a well-conserved parélagusov
search. However, the extent to which using genomic approachest al., 1997; Hofmann, 1998The analysis is further complicated
for gene discovery actually succeeds will depend on how accuwhen the divergence between orthologous genes approaches and
rately the function of a new protein can be defined without any aeven exceeds the level of divergence among paralogs within a
priori functional knowledge. species. Moreover, a significant fraction of functional annotations
Over a period of more than three billion years, a large variety ofin databases is wrong or dubio(denikoff et al., 1997; Tatusov
protein molecules has evolved to run the complex machinery of thet al., 1997; Hofmann, 1998In this study, using th@-decarbox-
present-day cells and organisms. The relationships between comgtating dehydrogenase family as a model, we demonstrate that
temporary genes from different genomes are represented as a sysith insight into how distinct functions of orthologs and paralogs
tem of homologous families that include both orthologs and paralogsare conferred and evolved, it is feasible to identify orthologs with
Orthologs are genes in different species that evolved from a comeertainty.
mon ancestral gene by speciation and retained the same function in

) ) Results and discussion
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2344



Identification of protein orthologs and paralogs 2345

Classes Ancestral gene
l (Broad specificity)
Folds Gene duplication
Superfamilies Gene divergence
(Mutations)
| .
\ A
Families / VRS
\ ~
IDH N AN
\ A
Orthologous and / \ \ N
paralogous members A} ‘.

. . . . . NAD-IDH NADP-IDH NAD-IMDH NAD-HDH NAD-TDH
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guences that are clearly related and catalyze chemically equivalent reac- (Narrow and distinct specificity)
tion(s). Superfamily groups enzyme families that share a common overall
3D structure and some catalytic elements. Fig. 2. Evolution of the 8-decarboxylating dehydrogenase gene family.

Dash line indicates that the progenitor enzymes for NAD-HDH and NAD-
TDH are uncertain.

hydrogenation at C2 followed by their M§-dependent decarbox-

ylation at C3 of(2R, 3 2-hydroxy acids: tion. Copies of the gene diverged via mutational modification,

. giving rise to contemporary enzymes with strict substrate and co-
2-Hydroxy acid+ NAD (P)* M9 5 Oxalo acid NAD (P)H +H*  enzyme specificity. It has been suggested that specificity toward
isocitrate may have evolved before specificity toward NADP, and
Mg2+ that the latter evolved around the time the eukaryotes first ap-
2-Oxalo acidt H" === 2-Keto acid+ CO,. peared(Chen et al., 1997)b Specialization of gene functions pre-
sumably allowed the improvement of metabolic efficiency and the
Three orthologs have been identified so far: NAD-dependenevolution of new biochemical pathway3densen, 1976
isocitrate dehydrogenaséEC 1.1.1.41, NAD-IDH, NADP-
dependent isocitrate dehydrogend&C 1.1.1.42, NADP-IDH,
and NAD-dependent isopropylmalate dehydrogebige-IMDH,
EC 1.1.1. 85 NAD-IDH is limited to eukaryotic organisms and Over evolutionary time, a large number of sequence differences
participates in the supply of NADH used for respiratory ATP pro- have accumulated among the members of ghdecarboxylating
duction in mitochondria, while NADP-IDH is present ubiquitously dehydrogenase family. The present-day phylogenies are highly di-
in both prokaryotes and eukaryotes and involved in the generatiomergent, and the divergence between orthologous genes approaches
of both NADPH anda-ketoglutarate for biosynthetic pathways and even exceeds the level of divergence among paralogs within a
(Chen & Gadal, 1990 NAD-IMDH is found in bacteria, fungi, species. Thus, itis not reliable to make assignment of new protein
and plants and catalyzes the third step of the pathway for leucineequences to a particular ortholog based on the best BLAST hit or
biosynthesis(Imada et al., 1991 NADP-IDH and NAD-IMDH similarity searches. In fact, residues critical to substrate and coen-
are homodimers, while all the NAD-IDHs purified so far have a zyme binding and catalysis can rarely be aligned properly using
hetero-oligomeric structuré€Chen & Gadal, 1990 The crystal BLAST or CLUSTAL W. This is especially the case when the
structures of NADP-IDH fronk. coliand NAD-IMDH from Ther- sequence oE. coliNADP-IDH is compared to eukaryotic NADP-
mus thermophiluhiave been solve@Hurley et al., 1989; Imada IDHs, which share no significant identiti€s<17%). The sub-
etal., 199]. Both enzymes share a common protein fold that lacksstrates for isocitrate and isopropylmalate dehydrogenases, isocitrate,
the BaBaB motif characteristic of the nucleotide binding Ross- and isopropylmalate are structurally similar, i.e.0OC(HO)
mann fold(Rossmann et al., 1974 CHCH(X)COQO™, where X represents themoiety: the -CHBCOO™
NAD-IDH, NADP-IDH, and NAD-IMDH catalyze different re-  of isocitrate and the -CHCHj3), of isopropylmalateFig. 3). Co-
actions and fulfill distinct biological roles. However, phylogenic enzyme NADP differs from NAD only by a phosphate group es-
analyses indicate that these enzymes divergently evolved from terified at the 2C of the adenosine ribose. Presumably, distinct
common ancestral gene present in a progenitor of all extant orfunctions of NAD-IDH, NADP-IDH, and NAD-IMDH are con-
ganisms(Chen et al., 1997b; Fig.)2The gene might encode the ferred by their ability to recognize between alternative substrates
primitive enzyme that possessed a very broad specificity, permitand coenzymes. Using protein engineering, we have demonstrated
ting it to react with a wide range of related substrates that sharethat out of hundreds of amino acid substitutions accumulatéd in
a common 2-R malate moiety. This would maximize the catalyticcoli NADP-IDH andT. thermophilusNAD-IMDH only a few are
versatility of an ancestral cell that functioned with limited genetic involved in specificity determinatioiChen et al., 1995, 1996a,
information and enzyme resourcékensen, 19796 The ancestral 1996b, 1997a; Dean & Dvorak, 1995; Dean et al., 1996; Hurley
gene was then duplicated and acquired additional genetic informaet al., 1996; Yaoi et al., 1997; Chen, 1999

Determinants of substrate and coenzyme specificity
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Fig. 3. Structures of substrates f@rdecarboxylating dehydrogenases 3 refers to thex- andB-carboxyl group, respectively. The
uniquey-moieties are presented in bold.

In E. coli NADP-IDH, all the residues involved in binding and zyme is highly specific for NADP. Calculated as the ratiokgfy/
catalysis have been identifigdrig. 4A) (Stoddard et al., 1993; K, the enzyme displays a 7,000-fold preference for NADP over
Bolduc et al., 1995; Chen et al., 1995, 1996a, 1996b, 1997a; DeaNAD (Chen et al., 1996
et al., 1996; Dean & Dvorak, 1995; Hurley et al., 1989, 1991, Despite sharing only 25% sequence identify,thermophilus
1996; Yaoi et al., 1997; Chen, 1999The true substrate for the NAD-IMDH and E. coli NADP-IDH share a common protein fold
NADP-IDH is a Mg?"-isocitrate complex that binds in a pocket, and their tertiary structures can be superimpodesada et al.,
formed from residues donated from both monomers. The amind991). The amino acid residues involved in binding the 2R-malate
acid residues Ser113 and Asn115 on the helix d, angt@boxy-  core, common to 2R,3S-isocitrate and 2R,3S-isopropylmalate, are
late of isocitrate are the major determinants of substrate specificitydentical(Fig. 4C). However, the two enzymes differ in the amino
(Fig. 4A) (Chen et al., 1996b; Dean et al., 1996er113 forms a  acid residues involved in binding themoieties of substrates. In
hydrogen bond with the-carboxylate of bound isocitrate that, in NAD-IMDH, Asn115 is replaced by Leu90, which forms hydro-
turn, forms a salt bridge to the nicotinamide ring of the coenzymephobic interactions with the-isopropyl group of bound isopro-
(Fig. 4B). Asnl115 also interacts with thg-carboxylate of bound pylmalate(Fig. 4C; Table 1 In addition, the helix d begins three
isocitrate. The interaction has a nonideal hydrogen bond angle aramino acids earlier with the consequence that the side chain of
is probably electrostatic in nature. This residue also is coordinatelu87 occupies a position in close proximity to both Ser113 and
to the amide of NADP in the Michaelis complex. The polar envi- the y-carboxylate of isocitrate. The available structural data and
ronment formed with Ser113 and Asnl15 is not compatible withthe kinetic results suggest that the carboxyl group of Glu87 inter-
the hydrophobig-isopropyl group of bound isopropylmalate. More acts with the nicotinamide ring and helps stabilize the Michaelis
importantly, thisy-isopropyl group is unable to form the binding complex, mimicking the role played by thecarboxylate of the
site for the nicotinamide ring that is critical for hydride transfer. bound isocitrate in NADP-IDHFig. 4D) (Dean & Dvorak, 1995
Consequently, in spite of the structural similarity of isocitrate andMeanwhile, this negatively-charged residue lies close to an anal-
isopropylmalate, IDH does not catalyze a reaction with isopropyl-ogous position of the-moiety of bound isocitrate and thus would
malate (with reduced catalytic efficiency by a factor of at least electrostatically repel this molecule as a substrate. Indeed, no ac-
greater than 19 R. Chen & S.-S. Jeong, unpubl. resilt€oen- tivity is detectable with isocitratéDean & Dvorak, 1995 Con-
zyme specificity in the NADP-IDH is conferred by hydrogen bonds sequently, Glu87 and Leu90 are major determinants of substrate
between the side chains of Arg395, Tyr345, Tyr391, and Arg292 specificity in NAD-IMDH (Dean & Dvorak, 1995; Hurley et al.,
and the 2-phosphate of bound NADHA-ig. 5A). The side chains  1996. The coenzyme specificity toward NAD is mainly conferred
of Lys344 may ion pair with the '2phosphate. These interactions by Asp278, which forms a double hydrogen bond with theahd
cannot be formed with the’zhydroxyl of NAD. Hence, this en-  3'-hydroxyls of the adenosine ribose of NAOFig. 5B) (Chen
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Fig. 4. Schematic diagram ofA) the active site of theéE. coli NADP-IDH with bound 2R, 3S-isocitrate an@) the active site

of T. thermophilusNAD-IMDH with bound 2R, 3S-isopropylmalate. A prime indicates the residues donated from the second subunit.
a andp refer to thea- and B-carboxyl groups, respectively. The major determinants of substrate specificity are residues Ser113 and
Asn115 in the NADP-IDH(yellow), and Glu87 and Leu90 in the NAD-IMDHKyellow), which interact with the unique-moieties

of the substrategpink). Model for the catalytic complex of thE. coli NADP-IDH with isocitrate and NADP boun@C) and the

T. thermophilusNAD-IMDH with isopropylmalate and NAD boun¢D). The arrow shows how fbf nicotinamide ring is positioned

to receive then-carbon hydride of substrates. Both schematic drawings were modified from Dean and DV@®8k

et al.,, 1997a Meanwhile, this negatively-charged residue repelsthe substrate and coenzyme specificities inghgecarboxylating
the 2-phosphate of NADP through electrostatic repulsion. As suchdehydrogenases are principally determined by a few amino acid
this enzyme is 100-fold more active with NAD than with NADP residues.
(Chen et al., 1997%a

The roles of the major specificity determinants have been ConMarkers for orthologs and paralogs
firmed by site-directed mutagenesis and protein engineering. The
S113E and N115L mutants of the NADP-IDH and E87G and L90NThe sequences of the NADP-IDHs and NAD-IMDHs from other
mutants of the NAD-IMDH dramatically shifted the specificity species were compared with that Bf coli NADP-IDH and T.
toward alternative substrate binding and catal{®iean & Dvorak,  thermophylusNAD-IMDH (Table 1. It is noteworthy that the
1995; Chen et al., 1996b; Dean et al., 1998lore strikingly, NADP-IDH/NAD-IMDH phylogenies are so divergent that cor-
guided by X-ray crystal structures and molecular modeling, werect alignment can be made only based on detailed knowledge of
introduced seven amino acid substitutions, K344D, Y345I, V351Athe X-ray crystallographic structures & coli NADP-IDH and
Y391K, R395S, C332Y, and C201M, in tH& coli NADP-IDH T. thermophilusNAD-IMDH (Dean & Dvorak, 1995 Both sub-
that converted the coenzyme specificity from a 7,000-fold prefer-strate specificity determinants, Ser113 and Asnl15, identified in
ence for NADP to 200-fold preference for NAD. The kinetic pa- E. coliNADP-IDH are absolutely conserved in other NADP-IDHSs.
rameters and coenzyme preference of the engineered enzynide coenzyme specificity determinants, Lys344 and Tyr345, are
compared favorably with, and even exceeded those of natural NADpresent in all the bacterial NADP-specific enzymes. However, these
IDH from various source&Chen et al., 1995, 1997a; Hurley et al., residues are replaced with the positively-charged residue Arg and
1996; Chen, 1999 Conversely, a NADP-IMDH that is not found His respectively in highly divergent eucaryotic NADP-IDHs
naturally was created frof. thermophilusNAD-IMDH. This con- (Table 1. Nevertheless, site-directed mutagenesis analysis of the
tains five amino acid substitutions, D278K, 1279Y, A285V, P335Y, ArabidopsisNADP-IDH confirms that both the Arg and His resi-
S226R, and am-helix and loop that replaces the origin@dturn. dues are the equivalent coenzyme specificity determinants in the
The engineered enzyme is twice as active as the wild-type with theucaryotic enzymes, which electrostatically interact with the bound
coenzyme specificity inverted from a 100-fold preference for NAD NADP (R. Chen & L. Wan, unpubl. resultsAs expected, Ser113
to a 1,000-fold preference for NADEhen et al., 1996a; Chen, andAsnl15 are replaced by Glu and Leu, respectively, while Lys344
1999. The successful protein engineering clearly demonstrate thaand Tyr345 are substituted by Asp and lle or Leu in all known
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active residues involved in Mg -isocitrate binding and catalysis
(Table 1. Similar to NAD-IMDH, the residues Lys344 and Tyr345,
which interact with NADP irE. coli NADP-IDH, are replaced by
Asp and lle in these NAD-IDH proteinSTable 1. This is consis-
tent with their coenzyme preference toward NAD. Most of the
active residues, including the residues equivalent to Ser113 and
Asnl115 ofE. coliNADP-IDH, are found in the regulatory subunits

of both yeast and mammalian NAD-IDHs. However, both Asp307
and Asp311, which coordinate the Kgof Mg?*-isocitrate in the

E. coli NADP-IDH, are substituted by Asn, Ser, or Thr in these
sequencesFig. 4A; Table 1. This replacement should abolish the
binding with Mg?"-isocitrate, the true substrate for IDHs. Indeed,
only two Mg@?"-isocitrate sites petr,3y tetramer of yeast NAD-
IDH have been observeRutter & Denton, 1989 Meanwhile, the
Arg129 residue, which binds via ionic hydrogen bonds to the
a-carboxylate of bound isocitrate in tHe. coli NADP-IDH, is
replaced by a hydrophobic branched-chain residue such as Leu,
Val, or lle (Fig. 4A; Table 1. This should significantly weaken the
binding affinity with isocitrate. The substitutions of these impor-
tant residues agree with the regulatory roles of the subunits and
allow us to differentiate them from catalytic subunits. The residue
Asp278 identified in thd. thermophilusNAD-IMDH is conserved

in yeast IDH1 but is replaced by polar residues GIn or Ser in the
mammaliang and y subunits(Table 1. Thus, identifying the
critical specificity determinants is sufficient to define the function
of NAD-IDH proteins as well.

Correcting functional misassignment

Insight into the structural and functional determinants for en-
zyme specificity allowed us to access functional assignment of
o B-decarboxylating dehydrogenase sequences. It shows that a sig-
nificant fraction of the cDNA or genomic sequences, which have
Fig. 5. A: Interaction of the nucleotide-binding pocket of BecoliNADP- been published or deposited in databases, are incorrectly annotated

IDH (white) with NADP (green. B: T. thermophiluNAD-IMDH (white) (Table 2. Case studies are presented here to demonstrate that

with NAD (green. NADP-IDH numbering is used in both figures. The o et function can be assigned with certainty.
active site residues of the enzymes are in yellow and thgh@sphate of h . h if i
NADP and 2 and 3-hydroxyl groups of NAD in red. It is noted that due 1 N€ Sequencegene number: Aq1512rom theAquifex aeolicus

to the difference of the local secondary structures, the NAD-IMDH doesgenome sequencing projectGenBank accession number:
not have the counterpart of the Arg395 found in the NADP-IDH. AE000744, was predicted to encode a NADP-IDH protein of 426

amino acid residuesTable 1 (Deckert et al., 1998 All of the

substrate binding and catalytic residues identifieH.igoli NADP-

IDH are conserved in this protein, including Ser113 and Asnl115,
NAD-IMDHs (Table 1. Hence, these major specificity determi- which are the major determinants of specificity toward isocitrate.
nants can be used as reliable landmarks for predicting the substralie contrast, the residues Lys344 and Tyr345 interacting with NADP
and coenzyme specificities of new sequences belonging to thi the E. coli NADP-IDH are replaced by Asp and lle, as seen in
isocitrate and isopropylmalate dehydrogenases. NAD-IMDH. This observation allows us to assign the function of

No crystal structure is available for NAD-IDHSs. Different from the A. aeolicusprotein as NAD-IDH. The coding region of the

NADP-IDHs and NAD-IMDHSs, which are homodimers, all the genomic DNA was subcloned and the enzyme was expressed in an
NAD-IDHs purified so far have a hetero-oligomeric struct(@en  idh~ strain ofE. coli. As expected, the enzyme is NAD-dependent
& Gadal, 1990. Yeast NAD-IDH exists as a hetero-octamer con- (Table 3. Calculated as the ratio dé.,/K, this thermophilic
sisting of four copies of the regulatory subuiilAD-IDH1) enzyme favors NAD over NADP by a factor of 86 at®5 These
and four copies of the catalytic subuiiNAD-IDH2) (Keys & results demonstrate that, similar to NADP-IDH, NAD-IDH is present
McAlister-Henn, 1999 while mammalian NAD-IDHs consist of in both procaryotic and eucaryotic organisms.
three different subunit&, 8, andy) having the tetrameric form of The potato “NAD-IMDH" clone (assession number P29696;
a,By (Ramachandran & Colman, 1983; Nichols et al., 1)9@%t- Table 1 was isolated during a differential screen of a potato leaf
alytic residues are located in thesubunit(Cupp & McAlister- library designed to recover genes induced upon tuberisaieok-
Henn, 1993 Site-directed mutagenesis analysis suggests that theon et al., 1998 A database search revealed that the deduced
yeast NAD-IDH has an active center formed from two of the amino acid sequences of the enzyme showed 33, 27, and 32%
multiple subunits, which is essentially identical to thatEofcoli identity to the NAD-IMDH from rape, yeast, arigacillus subtilis
NADP-IDH (Cupp & McAlister-Henn, 1998 Structure-based align- respectively. The transit peptide of the rape NAD-IMDH has been
ment shows that the catalytic subunits of NAD-IDHs retain all the shown to direct chloroplastic uptakEllerstrom et al., 1992 There
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Enzymes Sequences
NADP-IDH 113 115 119 129 307 311 344 345
E. coli IR SLNVALRQELDLYICLRP NLN®YIS DA HGTA-KYAG
T. thermophilus EKSANVTLRKLFETYAN\RP NMNGILS DL HGSA-KYAG
A. fulgidus YRSLNVTI RQVLDLYANRP NLN®YLSDA HGSA-KYAG
S. cerevisiae WISPNGTIRNILGGTV-FRE NLY@®ILS DI HGTV-T RHR
H. sapiens WISPNGTIRNILGGTV-FRE NYD®VQII HGTV-T RHYR
A. thaliana WFSPNGTIRNILNGTV-FRE NYDGBVQIDF HGTV-TRHR
NAD-IMDH 87 90 94 104 241 245 278 279
T. thermophilus ETG-LLSLRKSQDLFANRP NIFGDILS DL HGSA-PDIAG
E. coli ERGA.LPI RKHFKLFSNIRP NLFQ@ILS DE AGGSABI AG
S. cerevisiae EQG-LLKI RKELQLYANRRP NLY®ILS DE HGSA-PDLPK
B. napus ETG-LLQLRAGLKVFANRP NIFGDILS DE HGSA-PDIAG
NAD-IDH
Catalytic subunit
S. cerevisiadDH2 HRSLNLTL RKTFGLFANRP NLY®ILS DL HGSA-PDIAG
K. lactis IDH2 HRSLNLTL RKTFGLFANRP NLY@®ILS DL HGSA-PDI AG
M. fascicularisa PRSMNLLL RKTFDLYANRP NLY@®ILS DL HGTA-PDI AG
Regulatory subunit
S. cerevisiadDH1 HGSLNVALRKQLDIYAN\AL SMYGILGNI HVGL-DIKG
K. lactis IDH1 HGSLNVALRKQLDIFANVAL NLYGSILG NI HVGL-DIKG
M. fascicularisg LASYDMRIRRKLDLFANWH NLYQUID NL HPFA-QA/G
M. fascicularisy HKSRNNIL RTSLDLYANV H NLY®IVN NV RNT-GKSI AN
Misannotated sequence
A. aeolicus‘NADP-IDH” VRSI NSALRRAFDYYSARP NLN®YVDL HGTA-WI AG
Potato “NAD-IMDH" HRSLNLTLRKELNLYANRP NLY®IIS DL HGSA-PDI AG
New gene: NAD-HDH
S. cerevisiaé¢IMDH” YSSH VALRREFDQYVNRP NLY®ILS DL HGSA-PDI FG
“NAD-TDH"
P. putida LWGSLKFRREFDQYVNRP NLF@ILS DL HGSA-PDI FG
E. coli LWGSLKFRREFDQYVNRP NLF@ILS DL HGSA-PDIYG

@Numbers are for the residues in bold for the first enzyme in each group.

were some homologies between the N-terminal sequences of theatalyzing analogous reactio@&nsen, 19796NAD-IDHs, NADP-
potato and rape proteins. Consequently, the gene product has beHs, and NAD-IMDHs are enzymes of very ancient origin. Pro-
reported as chloroplastic NAD-IMDHJackson et al., 1993  tein engineering demonstrates that a few amino acid residue
Structure-based alignment shows that the equivalent Ser113 armlibstitutions are sufficient to alter their specificities. Such a strat-
Asnl115 residues are both found in the sequefi@ble 1), indi- egy may have been used to modify these enzymes into new orthologs
cating that the enzyme belongs to IDH but not IMDH. Like NAD- that catalyze identical chemical reactions but have distinct sub-
IMDHs and yeast and mammalian NAD-IDHSs, the Lys344 and strate specificities. One example of this strategy is discussed below.
Tyr345 residues found i&. coli NADP-IDH are replaced by Asp In fungi, lysine is synthesized via theaminoadipate pathway
and lle(Table 1. Hence, this IDH is NAD-dependent. Since all the (Bhattacharjee, 1992 The conversion of homoisocitric acid to
active residues involved in Mg -isocitrate binding and catalysis «a-ketoadipic acid occurs due to the enzyme homoisocitrate de-
are found in the sequence, this must be a catalytic subunit of aydrogenas€EC 1. 1. 1. 87, NAD-HDH:

NAD-IDH. It has been shown that plant NAD-IDHs are exclu-

sively localized in mitochondri&Chen & Gadal, 1990 Hence, it Mg2+

is concluded that the gene encodes a catalytic subunit of mito- Homoisocitric acidt NAD" === a-Ketoadipic acid

chondrial NAD-IDH. Recently, three cDNA clones encoding dif-
ferent NAD-IDH subunits have been isolated from tobacco plants
(Lancien et al., 1998 This study confirms that the current func-
tional prediction for potato cDNA is correct.

+ CO, + NADH + H™.

This reaction is clearly analogous to that of IDHs and IMDHs.
Early studies showed that the enzymeSaiccharomyces cerevisiae
was separated from the NAD-IDH and has a different pH optimum
(Bhattacharjee, 1992The molecular mass of the enzyme is 48 kD.
It has been suggested that new enzyme functions are establish@tiese results suggest that NAD-HDH is a novel member of
most easily and most commonly by recruitment of proteins already3-decarboxylating dehydrogenase famillyig. 2). In spite of a

Discovering new orthologs: Homoisocitrate dehydrogenase
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Table 2. Functional reassignment ¢-decarboxylating
dehydrogenase genes

Accession Database Corrected
numbers Sources annotation assignment
X92486 S. tuberosum NAD-IDH NADP-IDH
768343 C. elegans IDH-like NADP-IDH
AACO07444 A. aeolicus NADP-IDH NAD-IDH
Q59940 Streptococcusp NADP-IDH NAD-IDH
Q59985 S. salivarius NADP-IDH NAD-IDH
CAA14727 R. prowazekii IDH NAD-IDH
P29696 S. tuberosum NAD-IMDH NAD-IDH Cat
Z79755 C. elegans IDH-like NAD-IDH Cat
746242 C. elegans IDH-like NAD-IDH Reg
781046 C. elegans NAD-IDH-like NAD-IDH Reg
Y16126 L. esculentum NADP-IDH NAD-IDH Reg
u81993 A. thaliana NAD-IDH 1 NAD-IDH Reg
U81994 A. thaliana NAD-IDH 2 NAD-IDH Reg
CAB16208 S. pombe IDH NAD-IDH Reg
CAA86325 C. elegans IDH NAD-IDH Reg
U92974 L. lactis unknown NAD-IMDH
H64389 M. jannaschii NADP-IDH NAD-IMDH
AADO03852 S. aromaticivorans NAD-IMDH NAD-TDH
CAB12208 B. subtilis NAD-IMDH NAD-TDH
Q48806 L. pneumophila unknown NADP-HDH
P40495 S. cerevisiae NAD-IMDH NAD-HDH
T38621 S. pombe NAD-IMDH NAD-HDH
Q58991 M. jannaschii NADP-IDH NAD-HDH
C64499 M. jannaschii IDH NAD-HDH
AAB84690 M. thermoautotrophicum NADP-IDH NAD-HDH
BAA30836 P. horikoshii NAD-IMDH NAD-HDH

number of biochemical and genetic studies, the gene encoding t

enzyme has not been identified.

The substrate, homoisocitrate, is structurally similar to isocitrat

and isopropylmalate where thremoiety is -CHCH,COO™ (Fig. 3.

With the principles governing the relationship between structur
and function in IDHs and IMDHs, it is predicted that all of the

substrate binding and catalytic residues shareé bgoli NADP-

IDH and T. thermophilusNAD-IMDH should be conserved in
NAD-HDH. What makes this enzyme distinct would be the amino
acid residues involved in binding themoieties of substrate. Com-
pared to isocitrate, thg-carboxylate of homoisocitrate is one car-
bon further away from C2. This difference prevents the formation
of a salt bridge between the bound homoisocitrate and the nic

Table 3. Kinetic parameters of NAD-dependent isocitrate
dehydrogenase (IDH) and NAD-dependent homoisocitrate
dehydrogenase (HDH) from A. aeolicus and

S. pombe, respectively

Kinetic parameter IDH at 6& HDH at 2TC
Keat (571 1.98 3.7
Kmnap (uM) 27.1 182.0
Kmisocitrate(MM) 40.1

Kmhomoisocitrale(MM) 87.0
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tinamide ring of the coenzyme in Michaelis complex that would
otherwise pull the nicotinamide C4 out of the catalytic trajectory
during hydride transfer. In this enzyme, the nicotinamide ring is
probably aligned with the bound homoisocitrate by the protein
itself, as seen in IMDH where the carboxyl group of Glu87 inter-
acts with the nicotinamide ringrig. 4D). However, the presence
of a negatively-charged residue such as Glu at this position would
electrostatically repel the-moiety of bound substrate. Hence, the
residue equivalent to Ser113 of the NADP-IDH and Glu87 of the
NAD-IMDH should be Tyr or GlIn, which is able to interact with
the nicotinamide ribose ring via hydrogen bonding. Meanwhile,
the residue equivalent to Asn115 of NADP-IDH and Leu90 of
NAD-IMDH is likely a nonpolar residue that hydrophobically in-
teracts with the extra-carbon portion of thenoiety of the bound
homoisocitratg Fig. 4A; Table 1.

A search of the entire genomic sequenc&oferevisia¢eads to
the identification of a candidate sequence with functional annota-
tion as IMDH (accession number: P40493able 1. This protein
of 385 amino acid residues shares 32, 34, and 35% identity with
the yeast NAD-IMDH, and the regulatory and catalytic subunits of
NAD-IDH, respectively. The molecular mass is estimated as 41 kD.
As expected, all the substrate binding and catalytic residues iden-
tified in bothE. coliNADP-IDH andT. thermophilusNAD-IMDH
are found in this protein. Significantly, the major substrate speci-
ficity determinants in the NADP-IDH, Ser113 and Asnll5, are
replaced by Tyr and lle, which makes this protein different from
IDH and IMDH. Meanwhile, the residues Lys344 and Tyr345,
which interact with NADP in theéE. coli enzyme, are replaced by
Asp and lle. This observation allows us to confidently assign the
function of the protein as NAD-HDH. The NAD-HDH gene was
also identified inSchizosaccharomyces pom(i@AB 11688. Due
to the ease of subcloning, the coding region of :igpombege-
nomic DNA was inserted in the expression vector pEMBLEhd

ﬁge protein expressed B coli. Enzyme assay shows that the gene

product is indeed NAD-HDH(Table 3. The enzyme is NAD-
specific and shows no activity with isocitrate, isopropylmalate, or
D-malate. Both IDH and IMDH exhibit detectable activity with

ehomoisocitrate. It would be interesting to elucidate whether IDH or

IMDH has been recruited for creation of NAD-HDH.

Deducing true function of “tartrate dehydrogenase”

NAD-dependent tartrate dehydrogenés€ 1.1.1.93, NAD-TDH

is one of the numerous examples in which substrate-ambiguous
enzymes are recruited for new function. This enzyme was identi-
fied from a strain ofPseudomonas putideapable of growth on
(+)-(2R, 3R-tartrate(Fig. 3 (Serfozo & Tipton, 1995 It cata-
lyzes the initial step of the pathway for conversion of tartrate to
glyceric acid, the NAD-dependent dehydrogenatio-eftartrate

to 3R-oxaloglycolate. This enzyme does not catalyze the decar-
boxylation of 3R-oxaloglycolate; howeveanese(2R, 39-tartrate

is also a substrate for NAD-TDH and undergoes enzyme-catalyzed
decarboxylatiorfFig. 3) (Serfozo & Tipton, 1995 Further studies
show that the enzyme catalyzes the oxidative decarboxylation of
(2R,39-isopropylmalate with significantly higher catalytic activ-
ity and the protein shares 30—40% sequence identity with bacterial
NAD-IMDHs and 20-30% with NADP-IDHgTipton & Beecher,
1994). These results indicate that the enzyme is a new member of
B-decarboxylating dehydrogenase famillyig. 2). The catalytic
activity, measured b¥t./Km, is 7 X 10° st M~ for the E. coli
NADP-IDH with (2R, 3S-isocitrate, 2x 10° s™*M~1 for the
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S. typhimuriumNAD-IMDH with (2R, 3S-isopropylmalate and based on our recent findings that substitution of only a few amino
4 X 107 s7*M ™! for the P. putida NAD-TDH with (+)-(2R, acid residues in these enzymes are sufficient to change substrate
3R)-tartrate, respectivelyTipton & Beecher, 1994; Chen et al.,, and coenzyme specificities and thus exchange enzyme functions.
1995, 1996k The sluggish activity of NAD-TDH with(+)-(2R, Such structural and functional insights led us establish that the few
3R)-tartrate, for which the configuration is different from the nat- critical specificity determinants can serve as reliable markers for
ural substrates for other family membdiSig. 3), strongly sug-  determining orthologous or paralogous relationships. The power of
gests that this enzyme did not arise early in evolution @)a 2R, this approach has been demonstrated by correcting similarity-
3R)-tartrate dehydrogenase, but rather, has been recruited recenthased functional misassignments and discovering new genes and
in response to the appearance(&f-(2R, 3R-tartrate in the en- related pathways. The notion that only a few key amino acid res-
vironment. This is supported by the discovery that NAD-TDH idues are principally responsible for distinct binding and catalytic
gene is also found in thE. coligenome, which is unable to grow specificity of enzyme family or superfamily members is supported
on (+)-(2R, 3R-tartrate(Table 1. with other studiegWilks et al., 1988; Babbitt et al., 1995A

The hypothesis that TDH may have been optimized throughstriking example is lactate dehydrogenase and malate dehydrog-
evolution to catalyze a different function triggers us to search forenase, which share 20—-40% sequence identity with a common
its identity. Structure-based sequence alignment shows that all thRossman fold. It has been demonstrated that substitution of one
substrate binding and catalytic residues identified in Hotlroli amino acid residue, GIn102 with Arg, in the lactate dehydrogenase
NADP-IDH and T. thermophilusNAD-IMDH are found in this  from Bacillus stearothermophilysonverts the enzyme into a highly
protein. On the other hand, both Asp and lle interacting with NAD specific and efficient malate dehydrogend¥¥éilks et al., 1988.
are conserved. However, the Glu87 in the NAD-IMDH is replaced The current strategy integrates three-dimensié8@) informa-
with a hydrophobic residue Leu, indicating that NAD-TDH and tion and functional insights into sequence comparison. Such an
NAD-IMDH are separate enzymes. This may explain why with approach for precise functional prediction offers substantial ad-
isopropylmalate as substrate, NAD-IMDH catalyzes the reactiorvantages over the similarity-based sea(BhAST or clusters of
100-fold faster than does NAD-TDKR. Chen, unpubl. results  orthologous group systemwhich are based on 1D information
Another striking feature of the substrate binding pocket is the(Tatusov et al., 1997; Hofmann, 1998t is also superior to the
presence of a Trp residue that is adjacent to the Leu replacing thexisting 3D information-based sear¢b.g., PROSITE, Pfam, or
Glu87. Molecular simulation suggests that this bulky residue mayBLOCKS), because structural homology is insufficient for defin-
lead to the enlargement of the binding pocket that a bulky andng precise protein function. The prerequisite of this approach is a
hydrophobicy-moiety such as aromatic ring can be accommo-detailed knowledge of structure-function correlations for any par-
dated. Spectacularly, the NAD-TDH gene in tBe coli genome ticular family, which may require extensive studies. Nevertheless,
seems to form an operon with the genes that resemble genes for théth the rapid progress of genome-wide efforts to determine rep-
degradation of the aromatic compoun@msitions 1,878,868 to resentative 3D structures for all protein families and an increasing
1,884,868. The putative operon starts with the NAD-TDH gene understanding of enzyme binding and catalytic specificity evolu-
yeal, followed by transporter gengeaV, the benzoate 1,2- tion (Babbitt et al., 1995; Thornton, 1998the current strategy
dioxygenase subunit gengeaW and the benzoate 1,2-dioxygenase should become broadly applicable. Already, we have found that
B subunit gengreaX The NAD-TDH gene is preceded by an open the rules established for predicting coenzyme specificity of the
reading framd yeaT) resembling a number of transcriptional reg- B-decarboxylating dehydrogenases can be applied to other de-
ulators. Hence, the operon is likely regulated by the product ofhydrogenase families with NADP) as hydrogen acceptdour
yeaTgene. The map of this operon is strikingly analogous to thatresults not shown Hence, extension of similar studies for other
of the E. coli lac or gus operon, which both give the ability to protein families would be much needed to take full advantage of
transport and use exogenous lactose and glucuronides as carbthre enormous wealth of biological information coming out of the
source, respectively. As such, “NAD-TDH” may catalyze a reac-cDNA or genome sequencing projects. It is recommended that,
tion of a novel pathway for degradation of the aromatic com-for efficient and accurate functional assignment, one start with
pounds imported vigeaVprotein. So far, the “NAD-TDH” gene  similarity-based searches and domain database searches for family
is found inAgrobacterium tumefacienB. subtilis E. coli, P. putida or superfamily assignment and then take the current approach to
and Sphingomonas aromaticivorari$able 3. These bacteria are identify characterized orthologs for precise functional prediction.
either in association with plants or in the environment where theyOur strategy is particularly effective for identifying enzymes from
survive on the plant materials, suggesting that the xenobiotics fopoorly characterized genomes and may greatly accelerate the pace
this newly proposed pathway may be of plant origin. It is known for discovering new enzymes and related pathways in these
that plants accumulate a high concentration of tartrate ester formearganisms.
with phenolic compounds, such as caffeic adtl. 3) (Hohlfeld
etal., 1996. Further research will be pursued to determine whether, .
these plant metabolites are good substrates for NAD-TDH and cah/late“aIS and methods
be transported and metabolized by bacterial cells. .

Sequence analysis

Search in the GenBank and SWISS-PROT databases for amino
acid sequence similarities was performed using the program BLAST
NAD-IDH, NADP-IDH, and NAD-IMDH are members of version 2.0(Henikoff et al., 1997; Tatusov et al., 199 Alignment
B-decarboxylating dehydrogenase family that arose through genef the NAD-IDH, NADP-IDH, and NAD-IMDH amino acid se-
duplication and divergence. Despite their highly divergent se-quences was done with the CLUSTAL W progré@fatusov et al.,
guences, it is demonstrated that the rules for predicting the precisE997; Hofmann, 1998 Structure-based alignment was performed
function of the family members can be established. The strategy ias follows: residues involved in binding and catalysis were iden-

Conclusions



2352 R. Chen and S.-S. Jeong

tified from the X-ray crystal structures &:. coli NADP-IDH and Medical Research Council of Canada, the Natural Sciences and Engineer-
T. thermophilusNAD-IMDH. Other sequences were then aligned ing Research Council of Canada, and the Health Services and Utilization
using active residues as key landmarks. GenB&hBL acces- Research Commission to R.C.
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